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INTRODUCTION 

The  work  reported  in  this  paper  deals  with  a  method  of  measuring 
the  secretion  or  release  of  hormone  by  the  thyroid  gland  of  the  rat. 
The  procedure  depends  on  the  administration  of  a  tracer  dose  of  radio¬ 
active  iodine  to  the  experimental  animals  and  after  organic  binding  of  the 
iodine  in  the  thyroid  measuring  by  means  of  daily  in  vivo  counts,  the  de¬ 
cline  in  radioactivity  of  the  thyroid  gland,  with  appropriate  corrections 
for  isotopic  decay.  This  rate  of  decline  is  taken  to  be  an  index  of  hormone 
secretion  by  the  gland. 

Thyroid  secretion  has  been  previously  measured  by  methods  based  on 
the  amount  of  thyroid  hormone  or  thyroxine  required  to  prevent  the  de¬ 
velopment  of  thiouracil  goitres  (Dempsey  and  Astwood,  1943;  Reineke 
et  al.,  1945;  Hurst  and  Turner,  1947).  Such  methods  though  simple  to 
carry  out  require  some  time;  the  method  presented  below  matches  these 
procedures  as  regards  ease  of  performance  and  in  addition  offers  the 
further  advantage  of  speed. 


METHOD 

Male  albino  rats  from  a  highly  inbred  strain  five  to  six  months  of  age  weighing  170- 
250  gms.  were  used.  These  animals  had  been  maintained  since  weaning  on  a  diet  which 
though  low  in  iodine  (500  /ig.I/Kgni.)  was  only  slightly  goitrogenic  and  was  capable  of 
supporting  normal  growth  and  reproduction.  After  withholding  food  15  hours  the  ani¬ 
mals  were  given  an  intraperitoneal  injection  of  20-25  microcuries  of  carrier-free  I*’* 
as  Nal.  Twenty-four  hours  later,  at  which  time  the  majority  of  the  radioiodine  in  the 
thyroid  is  in  organic  combination  (Taurog  and  Chaikoff,  1947)  the  radioactivity  of  the 
thyroid  gland  was  measured  in  vivo  by  firm  application  of  a  Geiger-Mueller  tube  to 
the  neck  region,  the  rats  being  first  anesthetized  with  nembutal  and  placed  supine  on 
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:i  board.  The  tube  had  a  luiea  window  2.5  ein.  in  diameter  eovered  witli  an  aluininuin 
shield  2  mm.  thick.  Tlie  tube  was  fixed  in  contact  with  the  animal’s  neck  until  at 
least  1200  counts  were  recorded. 

Folhtwinn  counting  the  animals  were  divided  into  control  and  experimental  groups, 
four  animals  j)er  Kr»>up,  so  as  to  include  a))proximately  ecpial  numbers  of  animals  with 
high  and  low  counting  rates  in  each  group.  They  were  then  returned  to  their  cages  and 
placed  on  one  or  other  of  the  following  regimes;  i)ropyl  thiouracil  0.2%  of  the  diet, 
KSCX  0.4%  of  the  diet,  KI  0.5%  of  the  diet,  1-thyroxine  15 /iK-  injected  subcutaneously 
daily,  thyrotrophic  hormone  (.\rmour)  9  mgm.  subcutaneously  daily.  The  effect  on  the 
radioactivity  of  the  gland  was  determine<l  by  counting  as  described  above  at  24  hour 
intervals  over  a  five  to  seven  day  j)eriod. 

After  correction  for  i.sotoi)ic  decay  the  daily  thyroid  counts  of  each  animal  were 
expressed  as  a  per  cent  of  the  initial  count  taken  24  hours  after  the  tracer  <lose. 

Table  1.  The  release  ok  radioiodixe  from  the  thyroid  gland 

OF  THE  RAT  OVER  A  FIVE  DAY  PERIOD 
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72 
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23 
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RESULTS 

In  Table  1  are  .shown  the  value.s  obtained  on  a  group  of  normal  rats  over 
a  five  day  period  together  with  the  mean  values.  It  will  be  seen  that  there 
is  a  regular  drop  in  the  activity  of  the  gland  indicating  a  progre.ssive 
discharge  of  radioiodine. 

That  the  daily  nembutal  anesthesia  was  not  influencing  this  effect  is 
shown  by  the  results  recorded  in  Table  2.  In  this  experiment  rats  5-8 

Table  2.  Showing  daily  nembi  tal  anesthesia  has  no  effect  on 

RELEASE  of  IODINE  FROM  THE  THYROID  GLAND  ' 
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received  nembutal  only  at  the  time  of  the  initial  counts  and  on  the  fifth 
and  seventh  days  after;  yet  the  decline  in  activity  is  similar  to  the  four 
rats  which  were  anesthetized  daily  over  a  seven  day  period. 

The  effect  of  propyl  thiouracil  and  KSC'N  is  shown  in  Fi{«;.  1.  It  will  be 
seen  that  the  rate  of  decline  of  thyroid  radioactivity  is  more  rapid  than 
that  of  the  control  animals. 


Fig.  1.  The  effect  of  propyl  thiouracil  and  KSC^N  on  the  release  of  radio 
iodine  from  the  thyroid. 

The  results  of  an  experiment  to  find  the  effect  of  injections  of  thyrotro- 
phic  hormone  is  .shown  in  Fig.  2.  It  will  be  seen  that  there  was  an  increased 
rate  of  decline  of  thyroid  radioactivity.  Also  shown  in  Fig.  2.  is  the  effect  of 
KI  which  was  incorporated  in  the  diet.  This  also  produced  a  more  rapid 
decline  of  the  amount  of  iodine  in  the  gland. 

The  effect  of  15  mS-  doses  of  thyroxine  daily  for  four  days  is  shown  in 
Fig.  3.  The  values  for  the  first  fiv^e  days  are  the  average  of  four  animals. 
It  will  be  .seen  that  the  release  of  iodine  from  the  thyroid  was  completely 
inhibited  by  doses  of  thyroxine  of  this  magnitude.  On  the  day  after  stop- 
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ping  thyroxine  two  of  the  animals  were  given  an  injection  of  thyrotrophic 
hormone;  this  provoked  an  immediate  release  of  iodine.  Daily  counts  were 
continued  on  the  remaining  two  rats  but  it  was  not  until  four  days  after 
cessation  of  thyroxine  injections  that  a  decline  in  radioactivity  was  noted. 
Thus  the  inhibition  of  iodine  release  produced  in  these  rats  by  five  daily 


Fig.  2.  The  effect  of  thyrotrophic  hormone  and  KI  on  the  release  of  radio 
iodine  from  the  thyroid. 

doses  of  15  Mg-  of  thyroxine  persisted  for  four  days  after  discontinuing  the 
treatment  at  which  time  the  inhibition  abruptly  terminated. 

On  further  investigation  it  became  apparent  that  over  a  range  of  doses 
between  0  and  10  Mg-  varying  degrees  of  inhibition  of  iodine  release  occurred 
with  the  effect  being  marked  within  two  days  of  commencing  treatment 
with  thyroxine.  These  findings  led  to  the  following  procedure  as  a  means 
of  assaying  substances  for  their  hormone  activity. 
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METHOD  OF  ASSAY 

Young  albino  male  rats  ranging  in  weight  from  170-200  gm.  were  used 
for  the  assay.  The  animals  were  deprived  of  food  overnight  then  given  an 
intraperitoneal  injection  of  carrier-free  The  dose  used  was  20-2.5 
microcuries,  all  animals  of  any  one  assay  being  given  the  same  dose;  food 


DAYS 


Fig.  3.  The  effect  of  thyroxine  on  the  release  of  radio  iodine  from  the  thyroid. 


was  withheld  for  a  further  eight  hours  following  injection  of  the  iodine. 
Twenty-two  hours  after  injection  of  the  radioiodine  the  animals  were 
given  an  intraperitoneal  injection  of  10  mgm.  KSCN  to  discharge  any 
inorganic  iodine  which  might  be  in  the  gland  (Vanderlaan  and  Vanderlaan, 
1947).  Two  hours  after  the  KSCN  injection  the  animals  were  anesthetized 
with  nembutal  and  in  vivo  counts  over  the  thyroid  were  carried  out.  Fol¬ 
lowing  counting  the  animals  were  divided  into  groups,  four  animals  to  a 
group;  and  injected  subcutaneously  with  doses  of  1-thyroxine  ranging 
from  0  to  10  jug-  in  0.5  cc.  .saline. 

Groups  receiving  desiccated  thyroid  of  unknown  potency  received 
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subcutaneous  injections  of  saline  and  desiccated  thyroid  by  stomach  tube 
as  an  aqueous  suspension  of  5.0  mgm.  cc.  For  reasons  outlined  in  the  dis¬ 
cussion  the  diet  was  then  changed  from  the  low  iodine  ration  to  one  of 
higher  iodine  content.  Twenty-four  hours  later  the  above  dosage  schedule 
was  repeated  and  twenty-four  hours  after  this  the  animals  were  anes¬ 
thetized  with  .nembutal  and  again  subjected  to  in  vivo  counts  over  the 
thyroid,  the  counting  rates  obtained  at  this  time  were  corrected  for  iso- 
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Fig.  4.  Tlie  relationship  between  dose  of  thyroxine  and  the  residual 
radioactivity  of  the  thyroid. 

topic  decay  and  expressed  as  a  per  cent  of  the  rates  determined  twenty- 
four  hours  after  receiving  the  and  before  receiving  the  thyroxine 
injections. 

The  results  of  such  an  assay  are  depicted  in  Fig.  4.  It  will  be  seen  that 
there  is  a  relationship  bettveen  the  administered  dose  of  1-thyroxine  and 
the  quantity  of  radioiodine  remaining  in  the  gland.  Also  shown  is  the  effect 
of  two  different  doses  of  a  preparation  of  desiccated  thyroid  of  unknown 
potency  (iodine  content  0.3%).  It  will  be  noted  that  a  dose  of  2.5  mgm. 
had  an  equivalent  action  to  1.7  ng,.  of  1-thyroxine  while  a  dose  of  5.0  mgm. 
was  equiv’alent  to  3.6  jug. 
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DISCUSSION 

It  is  believed  the  prof^ressive  decline  in  radioiodine  concentration  of  tlie 
thyroid  is  an  index  of  the  rate  of  hormone  secretion  by  the  thyroid.  Sup¬ 
port  of  this  concept  would  be  obtained  if  a  change  in  the  rate  of  decline  of 
radioactivity  were  brought  about  by  alterations  in  the  amount  of  thyro- 
trophic  hormone,  since  this  factor  is  considered  to  be  tlie  chief  if  not  tlie 
sole  influence  on  thyroid  hormone  secretion  (Hoskins,  1949).  Thus  injec¬ 
tions  of  thyrotophic  hormone  led  to  a  more  rapid' decline  in  thyroid  radio¬ 
activity  than  that  of  untreated  animals.  Furthermore  the  goitrogens  thio- 
uracil  and  thiocyanate  had  a  similar  effect.  These  compounds,  the  one 
directly  the  other  indirectly,  interfere  with  hormone  synthesis  by  the  thy¬ 
roid  leading  to  a  hormone  deficiency;  this  in  turn  results  in  an  augmented 
pituitary  thyrotophin  production  in  an  attempt  to  compensate  for  the 
deficiency  (Mackenzie  and  Mackenzie,  1945;  Astwood  et  al.,  1943).  The 
increased  levels  of  thyrotophin  though  prevented  from  augmenting  hor¬ 
mone  synthesis  in  the  goitrogen  treated  gland,  are  still  able  to  exert  their 
hormone  mobilizing  action  on  hormone  previou.sly  synthesized  and  stored 
in  the  gland. 

The  action  of  KI  as  sliown  in  Fig.  2.  might  lie  interpreted  as  an  acceler- 
atefl  secretion  of  hormone  as  judged  by  the  more  rapid  decline  in  radio¬ 
activity  of  the  thyroid.  However,  another  explanation  for  tliis  is  offered. 
As  mentioned  previously,  since  weaning  the  rats  had  been  given  a  low 
iodine  content  diet  hen'ce  ingestion  of  the  tracer  doses  of  labelled  a 
relatively  small  amount  of  stable  iodine  of  dietary  origin.  On  release  from 
the  gland  labelled  organic  iodine  is  in  due  course  metabolized  giving  rise  to 
labelled  iodide  which  when  presented  to  tlie  iodine  deficient  thyroid  is 
picked  up  and  incorporated  once  more  into  organic  combination;  the  result 
would  be  a  replacement  of  the  lost  radioactivity  of  the  gland.  Addition  of 
KI  to  the  diet  of  such  animals  would  dilute  the  F*'  and  diminish  its  uptake 
and  thus  cause  a  decreased  radioactivity  of  the  thyroid.  The  use  of  a  high 
iodine  intake  as  described  abov'e  should  therefore  make  the  decline  in 
thyroid  radioiodine  more  closely  parallel  the  true  rate  of  secretion  or  re¬ 
lease  of  the  hormone. 

The  administration  of  amounts  of  1-thyroxine  of  the  order  of  10  or  more 
Mg.  per  day  re.sults  in  a  cessation  of  release  of  radioiodine  from  the  thyroid, 
most  likely  a  consequence  of  inhibition  of  pituitary  thyrotophin  secretion. 
This  inhiliition  fails  to  a  varying  degree  witli  lower  doses  of  thyroxine  and 
is  manifest  by  varying  rates  of  hormone  release  by  the  gland.  This  as  has 
been  shown  may  be  made  the  basis  of  a  method  for  assaying  thyroid 
preparations. 

From  the  quantities  of  thyroxine  required  to  block  the  release  of  radio- 
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iodine  it  would  appear  that  the  daily  requirements  of  a  200  gm.  rat  for 
thyroid  hormone  is  of  an  activity  equivalent  to  about  10  /xg-  of  1-thyroxine, 
This  agrees  with  other  estimates  (Taurog  and  Chaikoff,  1947;  Dempsey 
and  Astwood,  1943). 


SUMMARY 

By  measuring  the  rate  of  loss  of  radioactive  iodine  from  the  thyroid 
gland  of  the  rat  an  index  of  the  secretion  of  thyroid  hormone  may  be  ob¬ 
tained.  The  validity  of  this  index  is  suggested  by  the  effect  of  such  in¬ 
fluences  as  thyrotophic  hormone,  thiouracil,  thiocyanate,  and  thyroxine. 

It  has  been  found  that  secretion  is  markedly  inhibited  by  the  adminis¬ 
tration  of  quantities  of  thyroxine  of  the  order  of  10  /xg.  With  lower  doses 
of  thyroxine  a  relationship  between  dose  and  degree  of  inhibition  of  thy¬ 
roid  hormone  secretion  may  be  demonstrated. 

Based  on  these  facts  a  rapid  and  simple  procedure  for  the  bioassay  of 
thyroid  preparations  is  proposed. 
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Addendum: 

After  the  above  work  was  submitted  for  publication  a  paper  was  published  by  .1. 
Wolff  {Endocrinology  48:  284,  1951)  reporting  similar  results. 
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URINARY  17-KETOSTEROIDS  IN  CHRONIC 
LIVER  DISEASE* 
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Administration  of  testosterone  to  normal  ami  eunuchoid  human 
L  subjects  has  been  shown  to  be  followed  by  an  increase  in  urinary 
17-ketosteroids  (Callow,  1939;  Deakins,  Friedgood  and  Ferrebee,  1944; 
Dorfman,  1940;  Dorfman,  1941;  Dorfman,  Cook  and  Hamilton,  1939; 
Frame,  Fleischmann  and  Wilkins,  1944;  Schiller,  Dorfman  and  Miller, 
1945).  All  such  studies  have  involved  repeated  injection  of  testosterone  or 
testosterone  propionate  over  periods  of  several  days  and  determination  of 
total  neutral  urinary  17-ketosteroids.  It  has  also  been  reported  that  uri¬ 
nary  17-ketosteroid  values  are  rather  consistently  low  in  patients  with 
hepatic  disease  (Dohan,  Richardson,  Bluemle  and  Gyorgy,  1949;  Fraser, 
Forbes,  Albright,  Sulkowitch  and  Reifenstein,  1941;  Gilder  and  Hoagland, 
1946;  Glass,  Edmondson  and  Soil,  1940;  Lloyd  and  Williams,  1948; 
Samuels,  1949),  but  little  information  is  available  regarding  their  response 
to  administration  of  testosterone  in  such  subjects  (Lloyd  and  Williams, 
1948;  West,  Brown,  Tyler  and  Samuels,  1950). 

The  present  study  was  undertaken  for  the  purpose  of  securing  data  on 
the  free  and  total  neutral  urinary  17-ketosteroids  in  normal  subjects  and 
in  patients  with  chronic  hepatic  disease  before  and  after  a  single  injection 
of  a  relatively  large  amount  of  testosterone. 

METHODS 

Eighteen  subjects  (seventeen  male  and  one  female)  were  selected  for  this  study,  all 
of  whom  were  hospitalized  during  the  period  of  investigation.  Their  clinical  status  was 
as  follows:  (1)  Five  presented  no  clinical  evidence  of  liver  disease  and  no  demonstrable 
impairment  of  liver  function,  four  being  neuropsychiatric  problems  and  one  a  eunuchoid; 
(2)  thirteen  were  j)atients  with  either  hepatic  cirrhosis  or  chronic  hepatitis,  corroborated 
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Tabi.k  1.  Urinary  17-ketostkroius  before  and  after  ki.nole  injection 
200  MG.  TESTOSTERONE  PROPIONATE* 
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28.9 

3.4 

15.5 

1 .3 
8.2 

1 .4 
5.1 

2.4 

7.9 

1.3 

2.6 

4.7 

40.9 

7  9 

51 

Cirrhosis 

0.6 

32 

F  0.4 

T  2.7 

1.1 

16.7 

4.2 

21.7 

1 .9 
11.3 

0.5 

7.9 

0.3 

5.0 

0.1 

2.4 

0.1 

3.3 

3.5 

29.3 

8 

Cirrhosis 

F  0.4 

T  3.1 

1.5 

19.5 

0.8 

7.7 

0.5 

4.6 

0.6 

3.6 

0.2 

3.8 

0.4 

2.2 

i  1-2 

[  14.3 

9 

43 

Chronic 

HepatitiK 

1.5 

48 

F  2.2 

T  6.0 

10.9 

30.1 

7.1 

23.0 

1 .4 
7.2 

2.0 

5.4 

2.0 

4.6 

1.8 

4.7 

7.2 

23.8 

10 

34 

Chronic 

Hcpatitiii 

1.4 

8 

T  5.8 

34.6 

10.2 

2.6 

6.2 

4.3 

5 .5 

11 

22 

Chronic 

HeiMititis 

■  1.1 

11 

T  9.0 

35.4 

18.7 

14.2 

13.3 

5.9 

8.1 

10.8 

25.0 

12 

34 

Cirrhosis 

0.6 

14 

T  12.8 

23.4 

16.7 

16.4 

15.1 

11.5 

13.0 

14.5 

11.6 

13 

.58 

Cirrhosis 

0.7 

25 

T  4.9 

15.4 

10.9 

7.0 

4.5 

3.9 

2.9 

4.4 

9.5 

14 

36 

Cirrhosis 

0.4 

3 

T  10.9 

11. 0 

7.7 

11.2 

18.2 

28.2 

20.1 

8.9 

18.6 

1.5 

42 

Cirrhosis 

0.6 

2 

T  8.4 

,36.1 

31.3 

15.6 

1  6.7 

8.0 

8.9 

16 

39 

Cirrhosis 

0.4 

1  5 

T  7.0 

22.3 

9.9 

14.3 

8.7 

1  6.3 

7.9 

1  10.3 

1  16.4 

17* 

21 

Chronic 

Hepatitis 

1  0.5 

1  11 

T  9.0 

13.6 

18.2 

11.8 

1  8.5 

1  8.3 

6.8 

I 

6.2 

!  ^ 
i  So.o 

18* 

45 

Cirrhosis 

;  0.2 

1  6  1  T  4.5 

9.4 

1  13.3 

1  8.1 

i  5.1 

!  4.8 

1  5.3 

4.3 

1  22.8 

*  Equivalent  to  167  mg.  testosterone, 
t  ”  *Kree;  “T”  *Total. 

^  Serum  BSP  45  imnutes  after  injection  of  5  mg.  per  kg.  body  weight. 

*  In  milligram  equivalents  dehydroisoandrosterone. 

*  Average  of  three  pre-injection  days. 

*  Received  100  mg.  testosterone  propionate  (83  mg.  testosterone). 


by  biopsy  of  the  liver,  with  varying  degrees  of  hepatic  functional  impairment  on  the 
basis  of  tests  employed  routinely  (serum  bilirubin  concentration,  bromsulfalein  reten¬ 
tion,  thymol  turbidity,  serum  albumin  and  globulin  concentrations). 

Urine  was  collected  daily  (as  24-hour  specimens)  for  three  days  before  and  for  six  or 
seven  days  after  a  single  intramuscular  injection  of  200  mg.  testosterone  propionate  in 
sesame  oil  (100  mg.  in  two  subjects  with  liver  disease.  Cases  17  and  18,  Table  1). 

In  those  cases  in  which  free  17-ketosteroids  were  determined,  the  24-hour  specimen 
was  divided  into  two  equal  parts,  one  being  used  for  determination  of  free,  and  the  other 
for  total  17-ketosteroids. 

Free  17-Ketosteroids.  75  ml.  of  toluene  was  added  to  one-half  of  the  24-hour  specimen, 
made  acid  to  Congo  Red,  and  the  entire  samjile  was  extracted  by  shaking  three  times 
with  one-fifth  volume  of  ether.  The  ether  was  evaporateil  and  the  toluene  phase  was  ex¬ 
tracted  three  times  with  25  ml.  1  N  NaOH. 
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The  pooled  toluene  extracts  were  washed  neutral  to  litmus  with  distilled  water, 
evaporated  to  dryness  and  made  up  to  25  ml.  with  95  per  cent  ethanol.  Alirpiots  were 
removed,  dried  and  subjected  twice  to  the  micro-(Jirard  procedure.  The  ketonic  fraction, 
dried  from  an  alkali-washed  ether  extract,  was  di.ssolved  in  95  per  cent  ethanol  and  esti¬ 
mated  hy  a  modified  Callow  procedure  (Callow,  Callow  and  Emmens,  193S)  employiiif!; 
dehydroi.soandrosterone  as  a  standard. 

Total  17-Ketosteroids.  The  urine  sample  (either  entire  24-hour  or  one-half  24-hour) 
was  made  acid  to  Con^o  Red  and  was  extracted  three  times  hy  shaking  with  one-fifth 
volume  of  butanol.  The  j)ooled  butanol  extracts  were  dried  in  vacuo,  the  residue  was 
taken  up  in  200  ml.  HoO  and  75  ml.  toluene  was  added.  This  was  hydrolyzed  by  boilinj; 
with  15  volumes  concentrated  HCl  for'l5  minutes.  The  hydrolyzed  material  was  cooled 
rapidly  and  extracted  four  times  with  one-fifth  volume  of  ether.  The  pooled  ether-toluene 
extracts  were  washed  twice  with  one-fifteenth  volume  9  per  cent  XaHCOs  and  once  with 
one-thirtieth  volume  distilled  water.  The  pooled  extracts  were  heated  until  all  ether  was 
removed. 

The  toluene  extract  was  extracted  three  times  with  1  \  XaOH,  the  neutral  17-keto- 
steroids  remaining  in  the  toluene  phase.  The  subsequent  i)rocedure  was  as  outlined  for 
free  1 7-ketosteroids. 

RESULTS 

The  pertinent  data  are  presented  in  Table  1. 

Normal.  The  total  urinary  1 7-ketosteroids,  originally  within  normal 
limits  (11.8-13.1  mg.),  increased  to  a  maximum  (20.6-41.1  mg.)  in  the  first 
(3  cases)  or  second  (1  ca.se)  24-hour  post-injection  period,  falling  subse¬ 
quently  to  reach  the  basal  levels  in  4-6  days. 

The  basal  free  urinary  17-!:etosteroid  excretion  in  three  ca.ses  was  0.2 
mg.,  increasing  after  administration  of  testosterone  to  maximum  levels 
of  0.6  to  0.9  mg.  in  the  first  or  second  24-hour  post-injection  period, 
falling  subsequently,  but  tending  to  remain  above  the  original  level  for 
0-6  days,  In  one  ca.se  (Case  4),  regarded  as  normal  clinically,  the  basal 
free  urinary  17-ketosteroid  value  was  unusually  high  (1.9  mg.)  as  were  the 


T.\bi.k  2.  Percextaok  ok  i  binary  17-KET0.STER0I1).S  in  free  form 
BEFORE  AND  AFTER  TESTO.STERONE 


. .  ] 

Case  j 

Condition  1 

! 

Rasal  1 

Post-injection 
maximum  I 

Recovery* 

! 

%  1 

% 

% 

1 

Xornial 

1  .5  1 

1.0  1 

2.0 

2 

Normal 

1  .7 

2.2 

4.2 

3 

Normal 

1  .() 

3.4 

9.4 

4 

Normal  1 

Hi.l  : 

9.7  i 

1 

4.4 

0 

1  C'irrhosis 

35.3 

1  20.4  ! 

1 1 .5 

7 

j  ('irrhosis 

14.8 

7 . 7 

1 1  .9 

8 

('irrhosis 

12.9 

1  30.2 

8.4 

it 

1  ('hronic 

30. «) 

1  19.4 

30.2 

'  Hepatitis 

*  %  Recovery  in  free  form  X  100 


%  Recovery  as  total  17-ketosteroid 
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post-injection  values,  which  fluctuated  somewhat  and  rose  to  a  maximum 
of  4  mg.  on  the  sixth  day. 

The  calculated  recovery  of  the  administered  testosterone  as  17-keto- 
steroid  ranged  from  12.8  to  59.6  per  cent  (av.  34.9),  0.8  to  2.6  per  cent 
(av.  1.4)  being  recovered  in  the  free  state. 

In  Table  2  is  presented  the  percentage  of  the  total  urinary  17-keto- 
steroid  exi.sting  in  the  free  state  before  (1.5  to  16.1  per  cent)  and  at  the 
peak  of  values  after  injection  of  testosterone  (1.5  to  9.7  per  cent),  and  also 
the  proportion  of  the  calculated  percentage  recovery  represented  by  free 
17-ketosteroid  (2.0  to  9.4  per  cent). 

Liver  Disease  {Tables  1  and  2).  The  basal  values  for  total  urinary  17- 
ketosteroid  ranged  from  2.7  to  12.8  mg.,  being  below  10  mg.  in  11  of  the 
13  cases  studied.  The  curve  of  excretion  after  injection  of  testosterone  was 
much  the  same  as  that  in  the  normal  subjects. 

The  basal  values  for  free  urinary  17-ketosteroids  ranged  from  0.4  to 
2.2  mg.  in  the  four  cases  in  which  they  were  determined.  The  post-injection 
maximum  ranged  from  1.5  to  10.9  mg. 

The  calculated  recovery  of  the  exogenous  testosterone  as  17-ketosteroid 
ranged  from  9.5  to  40.9  per  cent  (av.  21 .0)  in  those  receiving  200  mg.  testos¬ 
terone  propionate  and  was  80.6  per  cent  in  one  (Case  17)  of  the  two  sub¬ 
jects  who  received  100  mg.  In  four  cases  the  percentage  recovered  in  the 
free  form  was  1.2  to  7.2  per  cent  (av.  4.1). 

Free  17-ketosteroid  comprised  12.9  to  36.6  per  cent  of  the  total  before 
administration  of  testosterone  and  7.7  to  36.2  per  cent  of  the  total  at  the 
post-injection  peak  of  excretion.  The  proportion  of  the  calculated  percent¬ 
age  recovery  represented  by  free  17-ketosteroid  ranged  from  8.4  to  30.2  per 
cent  (Table  2). 


DISCUSSION 

Considerable  interest  has  been  evidenced  in  recent  years  in  the  role  of 
the  liver  in  the  metabolism  of  steroid  sex  hormones.  In  vivo  and  in  vitro 
studies  leave  little  doubt  of  the  importance  of  this  organ  in  the  metabolism 
of  estrogens,  and  in  vitro  studies,  particularly,  suggest  a  similar  relation 
to  that  of  androgens  (Samuels,  1949). 

The  low  basal  values  for  total  urinary  neutral  17-ketosteroids  in  the 
patients  with  chronic  liver  disease  in  this  series  are  in  agreement  with 
previous  reports  (Dohan  et  al.,  1949;  Fraser  et  al.,  1941;  Gilder  and  Hoag- 
land,  1946;  Glass,  Edmond.son  and  Soil,  1940;  Lloyd  and  Williams,  1948; 
Samuels,  1949).  The  rather  consistent  occurrence  in  such  cases  of  an  in¬ 
crease  in  total  (Gilder  and  Hoagland,  1946;  Glass  et  o/.,  1940;  Rupp, 
unpublished  data)  and  free  (Glass  et  al.,  1940;  Rupp,  unpublished  data) 
urinary  estrogen  and  a  decrease  in  gonadotrophin  (Lloyd  and  Williams, 
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1948;  Zarrow,  Munson  and  Salter,  1950;  Rupp,  unpublished  data)  sug¬ 
gests  that  the  decrease  in  17-ketosteroid  output,  which  is  often  accom¬ 
panied  by  testicular  atrophy,  is  secondary  to  an  increase  in  circulating 
free  estrogen.  The  latter  may  be  attributable  to  a  decreased  capacity  of 
the  liver  for  removing  estrogen  from  the  systemic  circulation  for  purposes 
of  excretion,  conjugation,  or  other  metabolic  processes  involved  in  “bio¬ 
logical  inactivation”  of  this  hormone. 

The  proportion  of  urinary  17-ketosteroids  present  in  the  free  form  in 
four  subjects  with  chronic  liver  disease  in  the  present  series  (12.9  to  36.6 
per  cent)  was  much  higher  than  in  three  of  the  four  normal  subjects  (1.5- 
1.7  per  cent).  This  seems  of  significance  despite  the  high  value  obtained 
in  one  subject  regarded  as  normal,  particularly  in  view  of  statements  in 
the  literature,  usually  undocumented  however,  that  free  17-ketosteroids 
are  normally  excreted  only  in  very  small  amounts.  Relatively  high  values 
for  free  urinary  17-ketosteroids  hav’e  been  reported  previously  in  cirrhosis 
(Dohan  et  al.,  1949;  Glass  et  al.,  1944).  These  data  may  be  interpreted  as 
indicating  that  the  ability  of  the  organism  (presumably  of  the  liver)  to 
conjugate  a  much  diminished  quantity  of  17-ketosteroid  metabolites  of 
endogenous  testosterone  is  impaired. 

The  percentage  recovery,  in  the  form  of  urinary  17-ketosteroids,  of  a 
single  large  dose  of  testosterone  propionate  (200  mg.)  was  of  the  same 
order  of  magnitude  (12.8  to  59.6  per  cent)  in  normal  subjects  as  has  been 
reported  (Callow,  1939;  Deakins  et  al.,  1944;  Dorfman,  1940;  Dorfman, 
1941;  Dorfman,  Cook  and  Hamilton,  1939;  Frame,  Fleischmann  and  Wil¬ 
kins,  1944;  Schiller,  Dorfman  and  Miller,  1945)  for  quantities  of  120  to 
3200  mg.  administered  over  periods  of  six  to  thirty  days  (14  to  70  per  cent). 
The  percentage  recovery  in  the  patients  with  chronic  liver  disease  (9.5  to 
40.9  per  cent),  although  somewhat  lower,  was  not  significantly  so,  and, 
indeed,  in  one  subject  (Case  17)  receiving  100  mg.  testosterone  propionate, 
^  the  recovery  was  80.6  per  cent.  There  are  very  few  comparable  data  in 
the  literature.  Lloyd  and  Williams  (1948)  observed  no  increase  in  urinary 
17-ketosteroids  in  four  patients  with  cirrhosis  after  administration  of  50 
mg.  testosterone  propionate,  although  there  was  some  increase  in  andro¬ 
genic  activity.  West  et  al.,  (1950)  found  that  after  intravenous  injection 
of  testosterone  in  25  per  cent  albumin  solution,  the  blood  and  urine  con¬ 
centrations  of  17-ketosteroids  were  lower  in  subjects  with  liver  disease 
than  in  normal  controls.  They  regarded  this  as  indicative  of  decreased  ability 
to  metabolize  exogenous  testosterone.  Our  findings  with  regard  to  total 
17-ketosteroid  excretion  are  only  suggestive  of  such  a  defect. 

However,  the  post-injection  free  17-ketosteroid  values  in  the  patients 
with  liver  disease  (Cases  6-9)  differed  rather  strikingly  from  those  obtained 
in  three  of  the  four  control  subjects  (Cases  1-3).  We  have  no  explanation 
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to  offer  for  the  peculiarly  high  values  obtained  in  Case  4  (Table  1),  but 
they  deviate  so  markedly  from  those  in  the  other  three  control  subjects, 
and  the  basal  value  is  so  much  higher  than  is  usually  found  in  normal  indi¬ 
viduals,  that  it  appears  advisable  to  exclude  tiiis  case  from  the  control 
group.  The  maximum  24-hour  excretion  was  greater  (l.o,  4.2,  .5.1)  and  10.1) 
mg.,  respectively,  as  compared  to  0.0,  0.8  and  0.1)  mg.  in  the  controls) 
as  was  the  percentage  of  the  total  17-keto.steroids  excreted  in  the  free 
state  at  this  time  (7.7  to  .36.2  per  cent  as  compared  to  l.o  to  3.4  per  cent  in 
the  three  controls.  The.se  data  suggest  impairment  of  the  capacity  for 
conjugating  the  perhaps  somewhat  decreased  amount  of  17-ketosteroids 
produced  from  exogenous  testosterone.  On  the  basis  of  present  concepts, 
this  defect  may  be  regarded  as  a  reflection  of  disturbance  in  the  function 
of  the  liver  in  the  intermediary  metabolism  of  testo.sterone. 

SUMM.\RY 

The  daily  urinary  excretion  of  total  neutral  17-ketosteroids  is  consider¬ 
ably  lower  in  patients  with  chronic  liver  disease  than  in  normal  subjects. 
The  proportion  excreted  in  the  free  state  is  increased  considerably. 

The  calculated  recovery,  as  urinary  17-ketosteroid,  of  200  mg.  testos¬ 
terone  propionate,  administered  in  a  single  injection,  was  12.8  to  59.6  per 
cent  in  normal  .subjects  and  9..5  to  40.1)  per  cent  in  tho.se  with  chronic  liver 
disease.  The  proportion  recovered  in  the  free  state  was  higher  in  the  latter 
group. 

The.se  data  sugge.st  that  the  capacity  of  the  organism  (presumably  of  the 
liver)  for  conjugation  of  metabolites  of  testosterone  is  impaired  in  subjects 
w'ith  chronic  liver  di.sease. 
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A  STUDY  OF  THE  jMELANOPHORE-CONCEXTRATING 
EFFECT  OF  MAMMALIAN  THYROID  EXTRACT 
IN  RAINBOW  TROUT* 

O.  H.  ROBERTSON 

From  the  Department  of  Medicine,  U niversity  of  Chicago  and  the 
Department  of  Biological  Sciences,  Stanford  University 

The  only  clearly  recognized  function  of  the  thyroid  gland  in  fishes  and 
amphibians  is  that  of  the  control  of  metamorphosis.  An  actively 
functioning  thyroid  gland  or  its  equivalent  in  increased  concentration  of 
thyroid  hormone  in  the  body  has  been  shown  to  be  necessary  for  the  trans¬ 
formation  of  the  larval  into  the  adult  stage  in  a  number  of  amphibians  and 
several  teleosts.  However,  since  not  all  fishes  pass  through  a  larval  stage, 
it  may  be  said  that  the  role  of  the  thyroid  gland  in  the  body  economy  of 
this  class  of  vertebrates  is  still  largely  unknown.^ 

Recent  studies  by  the  author  (Robertson  1948,  1949)  on  the  transforma¬ 
tion  of  the  parr  to  the  silvery  smolt  stage  in  rainbow  trout  have  revealed 
two  manifestations  of  increased  activity  of  the  thyroid  gland  in  this  species 
of  fish:  one  is  the  deposition  of  a  thick  layer  of  guanine  crystals  on  the 
scales  which  gives  the  trout  a  silvery  appearance;  the  other  is  concentration 
and  disintegration  of  the  dermal  melanophores  in  certain  regions  of  the 
body.  Thyroid  extract  or  thyrotropic  hormone  injected  into  juvenile  hatch¬ 
ery  trout  produced  these  same  effects  which  appeared  to  be  identical  with 
those  occurring  spontaneously  in  the  wild  fish.  In  addition  to  the  gradual 
contraction*  of  the  melanophores  which  resulted  from  an  increased  con¬ 
centration  of  thyroid  hormone  in  the  body,  injection  of  thyroid  extract 
subcutaneously  or  intra-muscularly  was  followed  promptly  by  a  localized 
area  of  pallor  and  intense  melanophore  contraction  which  lasted  for  an 

Received  for  publication  January  15,  1951. 

*  This  work  was  aided  by  grants  from  the  Ella  Sachs  Plotz  Foundation  and  the 
American  Academy  of  Arts  and  Sciences. 

*  Evidence  for  metabolic  and  growth-promoting  functions  of  desiccated  thyroid  gland 
and  thyroxin  in  fishes  is  largely  negative  in  nature.  (Summarized  by  Robertson  1948). 
Among  amphibians  only  the  frog  has  been  found  to  exhibit  increased  oxygen  consump¬ 
tion  when  w'hole  thyroid  gland  or  thyroxine  were  administered  (Warren  1940).  Schwartz- 
back  and  Uhlenhuth  (1936)  detected  an  increased  metabolic  rate  in  axolotyles  during 
metamorphosis.  Thyroidectomy,  while  preventing  metamorphosis  of  amphibian  larvae, 
does  not  interfere  with  their  growth  (Allen  1917,  Hoskins  and  Hoskins,  1919). 

*  The  terms  concentration  and  contraction  are  used  interchangeably — the  latter  is 
always  employed  where  concentration  of  Melanin  is  also  used  in  other  connotations. 
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hour  or  more.  Further  investigation  showed  that  melanophores  isolated 
from  the  body  in  skin  strips  behaved  in  the  same  manner  (Robertson 
1951). 

In  view  of  the  fact  that  this  effect  of  the  thyroid  hormone  has  not  been 
previously  described,  it  seemed  worthwhile  to  study  the  phenomenon  in 
some  detail.  The  results  of  observations  on  the  acute  melanophore-concen- 
trating  action  of  extracts  of  desiccated  thyroid  gland  and  of  the  different 
constituents  of  the  thyroid  secretion  and  related  compounds  are  presented 
in  the  following  communication. 

MATERIALS  AND  METHODS 

Trout.  Hatchery-reared  rainbow  trout  {Salmo  gairdnerii)  were  employed  for  the  most 
part.  A  few  freshly  caught  wild  rainbow  trout  were  also  used.  The  conditions  under 
which  they  were  maintained  have  been  described  in  a  previous  publication  (Robertson 
(49). 

Thyroid  gland  preparations  and  chemical  compounds.  Desiccated  and  finely  powdered 
hog  and  sheep  thyroid  glands  of  known  iodine  content  were  provided  by  Armour  and 
Company,  Chicago,  through  the  kindness  of  the  late  Dr.  Fred  C.  Koch  who  supplied  the 
author  also  with  thyroglobulin,  diiodotyrosine,  iodinated  casein  and  thyroid  stimulating 
hormone.  The  thyroid  powder  used  in  the  majority  of  the  experiments  contained  0.56% 
iodine.  For  thyroxine  we  are  indebted  to  Mr.  W.  D.  Sears  of  E.  R.  Squibb  and  Company, 
New  York.  The  other  compounds  used,  Nal,  KI,  NaCl,  etc.,  were  chemically  pure. 

The  thyroid  extracts  were  prepared  by  making  a  2%  suspension  in  0.9%  NaCl  solu¬ 
tion  which  was  allowed  to  remain  at  ice  box  temperature  for  36  hours  with  occasional 
agitation  during  this  period.  Dilutions  of  the  clear  supernatant  fluid  were  made  with 
0.9%  NaCl  solution. 

Thyroglobulin,  1%  solution,  was  made  by  suspending  the  material  in  equal  parts  of 
0.9%  NaCl  and  n/2  NaOH,  allowing  it  to  stand  in  a  cool  place  for  6-12  hours  then  di¬ 
luting  to  the  desired  strength  with  0.9%  NaCl  after  which  it  was  brought  to  the  desired 
H-ion  concentration  with  n/l  HCl. 

Thyroxine,  1  to  10  mg.  was  dissolved  in  1  to  2  drops  of  n/l  NaOH,  then  diluted  with 
0.9%  NaCl  to  make  a  concentration  of  1  mg./cc.  To  maintain  thyroxine  in  solution  it  was 
necessary  to  keep  the  H-ion  concentration  at  about  11/0.  At  pH  10.0  thyroxine  began 
to  precipitate. 

Thyroid  stimulating  hormone,  TSH,  was  made  up  in  1%  solution  by  first  triturating 
the  powder  in  a  small  quantity  of  0.9%  NaCl  made  slightly  alkaline  with  n/10  NaOH. 
Iodinated  casein  and  diiodotyrosine  were  prepared  in  a  like  manner.  After  dilution  of 
these  solutions  with  0.9%  NaCl  which  was  about  pH  7.8,  the  reaction  was  at  or  near  this 
point. 

Skin  strips.  Strips  of  the  trout’s  skin  0.75  to  1.0  cm.  wide,  extending  from  above  the 
lateral  line  to  the  belly,  were  removed  under  conditions  previously  described  (Robertson 
1948).  They  were  then  placed  in  0.9%  NaCl  solution  at  pH  of  7.6-7. 8  and  kept  at  a  tem¬ 
perature  of  10°  C.  These  conditions  were  found  to  be  optimum  for  maintaining  the 
dermal  melanophores  in  the  dispersed  phase  and  in  a  highly  reactive  state  for  at  least 
two  hours  (Robertson  1951).  In  a  few  experiments  we  employed  skin  strips  laid  epider¬ 
mal  side  down  on  filter  paper  moistened  with  0.6%  NaCl  and  contained  in  small  covered 
and  cooled  petri  dishes. 
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EXPERIMENTAL 

Effect  of  Thyroid  Extract  on  Melanophores  in  Lire  Trout 

The  subcutaneous  or  intramuscular  injection  of  0.4  cc.  of  a  2%  extract 
of  desiccated  thyroid  gland  was  followed  within  one  to  two  minutes  by 
beginning  pallor  over  the  site  of  the  injection.  This  increased  rapidly  in 
extent  and  degree  until  usually  within  4  to  5  minutes  there  was  an  area 
devoid  of  pigmentation  3  to  o  cm.  in  diameter,  irregular  in  contour  but 
sharply  demarcated.  Such  a  reaction,  shown  in  Plate  I  Fig.  1.  remained 
unchanged  for  45  minutes  to  one  hour,  then  began  to  fade  and  disappeared 
within  one  and  one  half  to  two  hours.  The  only  evidence  of  melanophore 
concentration  other  than  that  at  the  site  of  injection  was  the  occasionally 
observed  pallor  spreading  along  the  lateral  line,  such  as  shown  in  the  photo¬ 
graph.®  Individual  trout  exhibited  considerable  variation  with  respect  to 
the  size  of  the  pale  area  and  duration  of  the  effect,  probably  due  chiefly 
to  differences  in  distribution  of  the  injected  fluid  in  the  subcutaneous  tis¬ 
sues.  With  more  diluted  extracts  the  areas  of  pallor  were  smaller,  but  a 
detectable  reaction  was  produced  with  concentrations  of  the  extract  as 
small  as  0.1%. 

Examination  of  the  reaction  under  the  microscope  revealed  intense  con¬ 
centration  of  the  melanophores.  The  margin  of  the  pale  area  showing  fully 
concentrated  cells  adjacent  to  well  dispersed  ones  is  shown  in  Plate  I 
Fig.  2. 

Intramuscular  injection  of  2%  thyroid  extract  under  the  area  of  a  pan- 
mark  produced  within  a  few  minutes  pronounced  concentration  of  the 
melanophores  of  this  heavily  pigmented  area.  These  melanophores,  as 
described  in  the  preceding  paper,  react  very  .slowly  and  are  not  affected  by 
such  influences  as  light  and  asphyxia  which  cause  concentration  of  the 
dermal  pigment  cells. 

®  The  lateral  line  appears  to  afford  a  channel  for  the  flow  of  snhcutaneously  injected 
fluid.  Other  agents  causing  local  concentration  of  nielanoi)hores  have  been  observed  to 
cause  pallor  spreading  both  cephalad  and  caudad  along  the  lateral  line  region. 

Explanation  ok  Figurks 

Fig.  1.  Sharply  defined  area  of  local  pallor  produced  in  live  trout  by  injection  of  0.4 
cc.  of  2%  thyroid  extract.  Light  ether  anesthesia  employed  for  photography. 

Fig.  2.  Photomicrograph  of  skin  of  trout  at  margin  of  reaction  shown  in  Fig.  1.  Pale 
area  characterized  by  marked  concentration  of  melanophores,  while  those  boidering 
reactive  zone  almost  fully  dispersed.  Magnification  X55. 

Fig.  3.  Two  strips  of  skin  of  normal  trout.  Upjier  one,  placed  in  0.9%  X'aCl  solution, 
remained  dark  and  exhibited  melanophores  in  dispersed  state.  Lower  strip  after  immer¬ 
sion  in  1%  thyroid  extract  for  5  minutes  showed  marked  pallor  and  intense  concentration 
of  the  melanophores.  Magnification  skin  strips  =  1  §.  Melanophores  =  X3.t. 
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In  order  to  be  sure  that  this  marked  local  concentration  of  the  melano- 
phores  was  due  to  a  particular  property  of  the  thyroid  extract  and  not  to 
the  effect  of  protein  solutions  or  iodine  compounds,  trout  were  injected 
with  1%  and  2%  anterior  pituitary  extracts,  thyroid  stimulating  hormone 
and  iodinated  casein  solutions  as  well  as  with  a  1  %  solution  of  KI  in  0.9% 
NaCl.  In  no  instance  did  any  of  these  compounds  produce  local  or  general¬ 
ized  pallor  of  the  trout’s  skin. 

Effect  of  Thyroid  Extract  on  Melanophores  in  Isolated  Skin  Strips 

Melanophores  of  isolated  skin  strips  immersed  in  thyroid  extract  exhib¬ 
ited  prompt  and  marked  contraction,  Plate  I  Fig.  3.  The  rate  of  contrac- 

Table  1.  Relationships  of  temperature  and  concentration  of  thyroid 

EXTRACT  TO  RATE  OF  MELANOPHORE  CONTRACTION 


1.  Thyroid  extract  1  per  cent 


Temperatures  of  | 

solution  ' 

Time  required  for  contraction 
of  melanophores* 

5°  C. 

1  .5  minutes 

10°  C. 

3  minutes 

20°  C. 

!  1 1  minutes 

2.  Temperature  of  solutions  10°  C. 


Concentration  of  thyroid  extract 
solutions  in  per  cent 

Time  required  for  contraction 
of  melanophores* 

0.01  (0. 1  mg./cc.)  i 

(>0  minutes 

0.1  (1  mg./cc.) 

15  minutes 

1 .0  (10  mg./cc.) 

3  minutes 

*  These  are  the  approximate  time  intervals  before  definite  beginning  concentration  of  the 
melanophores  was  observed. 


tion,  observed  under  low  power  magnification,  varied  with  both  temper¬ 
ature  and  concentration  of  the  extract.  Employing  a  1%  extract  and  tem¬ 
perature  at  5°C.,  contraction  did  not  take  place  until  5  minutes.  At  10°C. 
the  change  began  at  3  minutes,  while  raising  the  temperature  to  20® 
caused  well  defined  contraction  of  the  melanophores  within  a  minute 
and  a  half.  Maintaining  the  temperature  of  the  solutions  at  10°C.  and 
varying  the  per  cent  concentration  of  the  extract  resulted  in  lengthening 
the  reaction  time  with  increasing  dilution.  These  effects  are  shown  in 
Table  1. 

Two  other  factors  were  found  to  influence  the  rate  and  degree  of  the 
melanophore-contracting  effect  of  thyroid  extract.  One  was  the  H-ion  con¬ 
centration  of  the  medium.  For  rapid  and  marked  reactivity  the  optimum 
pH  ranged  from  5.0-8.0.  The  contracting  effect  of  the  extract  was  partially 
inhibited  at  pH  of  10.0  and  completely  at  11.0  or  above.  The  other  factor 
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was  the  per  cent  of  NaCl  present  in  solution.  With  a  given  concentra  ion 
of  thyroid  extract,  contraction  was  most  rapid  with  salt  concentrations  of 
0.8%  to  0.9%.  The  presence  of  2%  NaCl  inhibited  the  reaction.  In  the 
previous  study  of  the  various  factors  influencing  the  dispersion  of  trout 
inelanophores,  it  was  found  that  pH  above  10.0  and  solutions  of  NaCl  of 
1  per  cent  or  more  caused  dispersion  of  the  melanophores.  This  would 
explain  the  lack  of  thyroid  extract  effect  under  these  adverse  conditions. 

Concentration  of  the  trout  melanophores  produced  by  thyroid  extract 
was  not  only  spontaneou.sly  reversible  but  could  be  reversed  quickly  by 
acetylcholine.  These  effects  were  demonstrable  by  placing  drops  of  the 
solutions  on  the  subcutaneous  surface  of  skin  strips.  Within  one  and  a 

Table  2.  The  effect  of  extracts  from  focr  thyroid  glands 

VARYING  IN  IODINE  CONTENT 


Iodine  content,  per  cent  Melanophore  concentration 


0.8  +  +  + 

0.62  +  +  + 

0.56  +  +  + 

0.15*  0 


Note:  +  +  +  =marked  concentration  produced  in  30  minutes  iiy  extracts  of  0.1% 
(1  mgm./cc.). 

*  The  sheep  gland  used  in  0. 1%  to  2%  extracts  was  without  effect. 


half  minutes  after  depositing  in  close  proximity  two  drops  of  0.5%  thyroid 
extract,  there  began  to  appear  pallor  and  melanophore  concentration  sharp¬ 
ly  localized  to  the  area  beneath  the  drop.  The  fluid  was  then  removed  by 
blotting  carefully  with  filter  paper.  Acetylcholine  1:100  dilution  was  placed 
on  one  blanched  area — ^the  other  served  as  a  control.  Within  one  minute 
the  melanophores  under  the  drop  of  acetylcholine  began  to  disperse,  and 
shortly  therafter  the  area  of  pallor  disappeared.  The  control  area  remained 
unchanged  for  about  ten  minutes  then  gradually  darkened. 

Up  to  this  point  the  experiments  with  the  isolated  skin  strips  had  been 
carried  out  using  the  same  desiccated  thyroid.  It  was  important  to  deter¬ 
mine  whether  the  melanophore-concentrating  function  was  a  common 
property  of  physiologically  potent  thyroid  preparations,  i.e.,  those  with 
iodine  content  of  0.5%  or  more.  Tests  were  accordingly  carried  out  with 
extracts  made  from  three  additional  hog  thyroid  powders  and  one  obtained 
from  a  sheep  with  a  hyperplastic  thyroid  gland.  The  results  of  these  tests, 
given  in  Table  2,  show  that  desiccated  hog  thyroids  wdth  iodine  content 
ranging  from  0.56%  to  8.0%  all  produced  marked  contraction  of  the  skin 
strip  melanophores,  whereas  the  extract  of  the  sheep  gland  which  contained 
only  0.15%  iodine  was  without  effect  even  when  used  in  concentrations 
10  to  20  times  as  great  as  those  of  the  hog  glands. 
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Tests  of  Different  Components  of  Thyroid  Secretion 
and  Iodine  Compounds 

Study  of  the  comparative  effects  of  thyroid  extract,  thyroglobulin, 
diiodotyrosine  and  thyroxine,  were  carried  out  l)oth  in  the  live  trout  and 
with  skin  strips.  The  results  shown  in  Table  3  represent  summarized 
comparisons  of  the  size  and  rate  of  development  of  reactions  in  live  trout 
and  the  rate  and  degree  of  contraction  of  melanophores  in  the  skin  strips. 
Extracts  of  the  whole  gland  produced  a  much  greater  effect  in  lesser  con¬ 
centrations  than  did  solutions  of  thyroglobulin  and  diiodotyrosine.  For 

Tabi.e  3.  Mei.anophore  concentrating  effect  of  different  constitcents 

OF  THYROID  SECRETION  AND  IODINE  COMPOUNDS 


Material  tested 


Coneentration  of 
melanophores 


Desiccated  thyroid  (0.56%  iodine)  +  +  + 

Thj’roglohulin  (0.46%  iodine)  -j- 

Diiodotyrosine  4- 

Thyroxine  0 

lodinated  casein  (H%  iodine)  0 

Sodium  iodide  0 .5%  0 


example,  it  required  approximately  ten  times  more  thyroglobulin  than 
desiccated  whole  gland  to  produce  the  same  degree  of  melanophore  con¬ 
traction.  Thyroxine,  even  in  concentrations  of  0.o%  mg./cc.,  exhibited 
no  effect  when  injected  .subcutaneously  or  intramu.scularly  in  the  live  trout. 
Its  effect  on  skin  strips  could  not  be  tested  since  the  H-ion  concentration 
required  to  hold  thyroxine  in  solution  was  in  the  alkaline  range  which 
produced  expansion  of  melanophores  and  inhibited  the  contracting  effect 
of  thyroid  extract.  In  order  to  determine  whether  or  not  the  lack  of  effect 
of  thyroxine  injected  into  the  live  trout  was  due  to  the  alkalinity  of  the 
solution,  thyroid  extract  adju.sted  to  the  same  pH  e.g.,  11.0,  was  injected 
in  another  area  of  the  same  trout  receiving  the  thyroxine.  Blanching 
occurred  at  the  site  of  the  thyroid  extract  injection,  somewhat  delayed,  but 
after  a  few  minutes  reaching  the  size  and  degree  of  the  reaction  produced 
by  an  equivalent  quantity  of  extract  at  pH  7.6-7.8.  No  change  occurred  at 
the  site  of  the  thyroxine  injection. 

lodinated  casein  containing  8%  iodine  and  sodium  iodide  0.5%  solution 
exerted  no  detectable  effect  on  the  dermal  melanophores. 

Effect  of  Thyroid  Extract  in  Other  Fish  and  One  Amphibian 

The  melanophores  of  the  brook  trout  (Salvelinus  fontinalis)  and  the 
brown  trout  {Salmo  trutta)  were  found  to  be  fully  as  sensitive  to  thyroid 
extracts  as  were  those  of  the  rainbow  trout.  The  catfish  (Ameiurus  melas 
melas)  on  the  other  hand  exhibited  no  response  to  subcutaneous  injections 
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of  thyroid  extract  and  very  slow  contraction  of  the  melanophores  in  skin 
strips  immersed  in  relatively  strong  concentrations  of  the  extract.  !Melano- 
phores  of  the  rainbow  trout  showed  well  marked  contraction  within  three 
minutes  while  those  of  the  catfish  .skin  strip  immersed  in  the  same  solution 
began  to  contract  only  after  30  minutes.  The  effect  on  the  catfish  cells, 
however,  was  definite. 

The  melanophores  of  the  frog  (Rana  pipiens)  showed  no  response  to 
thyroid  extract  either  in  vivo  or  in  vitro.  That  the  melanophores  of  the 
frog’s  skin  will  respond  to  prolonged  administration  of  desiccated  thyroid 
gland  was  shown  by  Warren  (1940)  who  found  that  frogs  fed  on  thyroid 
became  pale  and  exhibited  marked  concentration  of  the  dermal  melano¬ 
phores. 

DISCUSSION 

Relatively  few  references  on  the  effect  of  thyroid  extract  or  thyroxine 
on  teleost  melanophores  are  to  be  found  in  the  literature.  Wyman  (1924) 
injected  mammalian  thyroid  extract  intramuscularly  into  Fundulus  with¬ 
out  effect  on  the  dermal  melanophores.  Hewer  (1925-192())  .similarly  ob¬ 
tained  negative  results  in  the  minnow.  Zariski  (1927)  fed  mammalian  desic¬ 
cated  thyroid  to  two  teleosts,  the  loach,  Mignurus  Jossilis  and  the  tench. 
Tinea  vulgaris,  for  as  long  as  12  weeks  without  any  observable  alteration 
in  the  state  of  the  melanophores.  A  number  of  workers.  Smith  and  Everett 
(1943),  Erkin,  Root  and  Mofshin  (1940),  Grobstein  and  Bellamy  (1939) 
who  fed  desiccated  thyroid  and  administered  thyroxin  to  a  v'ariety  of  tele¬ 
osts  for  purposes  other  than  determining  the  effect  on  pigment  cells,  did  not 
mention  any  changes  in  color  occurring  in  the  test  fishes  which  included 
guppies,  gold  fish  and  Platypoecihis  maculahis  and  P.  rariatus.  Landgrebe 
(1941)  on  the  other  hand  produced  a  striking  color  change  in  juvenile 
trout  and  salmon  by  injecting  thyroid  extract,  namely  transformation 
from  the  dark  parr  to  the  silvery  smolt  stage.  He  did  not  report  any  oliser- 
vations  on  the  melanophores'of  these  fishes,  but  in  view  of  author’s  studies 
referred  to  earlier,  concentration  of  the  dermal  pigment  cells  of  the  vential 
surface  was  probably  present  in  Landgrebe’s  artificially  produced  silvery 
smolts.  Whether  the  lack  of  observable  effect  of  thyroid  hormone  on 
melanophores  of  the  other  fishes  cited  was  due  to  the  particular  species 
tested  or  to  other  factors  such  as  quality  or  quantity  of  thyroid  preparation 
employed  is  not  apparent. 

It  is  of  interest  that  extracts  of  the  whole  thyroid  gland  were  much  more 
potent  in  their  effect  on  melanophores  than  were  solutions  of  compounds 
isolated  from  the  thyroid,  namely  thyroglobulin,  diiodotyrosine  and 
thyroxine.  This  suggests  either  the  presence  of  an  unknown  substance 
which  is  the  principal  agent  in  causing  melanophore  concentration  or  the 
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loss  of  some  fraction  from,  or  change  in,  the  constitution  of  thyroglobulin 
or  diiodotyrosine  during  their  isolation  from  the  thyroid  or  synthesis  in 
vitro.  The  fact  that  thyroxine  was  without  effect  even  in  high  concentration 
seems  to  exclude  this  constituent  of  the  thyroid  secretion  from  participa¬ 
tion  in  the  reaction.  Likewise  iodine  in  the  form  of  iodinated  casein  and 
iodides  of  sodium  and  potassium  had  no  detectable  effect  on  the  trout’s 
melanophores.  The  amount  of  iodine  in  the  iodinated  casein  and  the 
Nal  used,  represents  fifteen  to  several  hundred  times  the  iodine  content  of 
the  thyroid  extract,  which  was  effective  in  producing  marked  melanophore 
concentration.  Yet  the  melanophore-affecting  principle  of  thyroid  extract 
appears  to  be  directly  associated  with  the  iodine  content  of  the  particular 
powder  used  since  the  desiccated  sheep  thyroid  containing  only  0.15% 
iodine  (less  than  I  the  iodine  present  in  the  potent  preparations)  exhibited 
no  melanophore-concentrating  activity. 

The  significance  of  this  property  of  thyroid  secretion  for  the  trout  has 
been  only  partially  elucidated.  Evidence  at  present  available  indicates  that 
the  gradual  and  progressive  concentration  of  the  dermal  melanophores  of 
the  ventral  integument  of  the  rainbow  trout,  which  accompanies  the  trans¬ 
formation  from  dark  parr  to  silvery  smolt,  is  caused  by  increased  functional 
activity  of  the  thyroid  gland.  But  whether  the  thyroid  hormone  plays  any 
role  in  the  rapid  changes  exhibited  by  the  dermal  melanophores  of  this 
fish  in  response  to  various  stimuli  (Robertson  1951)  is  quite  unknown.  The 
fact  that  subcutaneous  or  intramuscular  injection  of  high  concentrations 
of  thyroid  extract  cause  only  local  and  transient  contraction  of  melano¬ 
phores  is  not  out  of  harmony  with  the  possible  participation  of  thyroid 
secretion  in  the  more  acute  reactions  of  these  pigment  cells  since  adrenalin 
similarly  injected  into  trout  likewise  produces  only  a  local  and  transient 
effect;  yet  adrenalin  is  considered  to  function  as  one  of  the  principal  effector 
agents  in  the  rapid  responses  of  the  trout’s  melanophores. 

Parker  (1940)  recognizes  three  substances  which  act  to  control  the  fishes’ 
pigmentary  effector  system.  Two  of  them,  adrenalin  and  acetylcholine, 
causing  concentration  and  dispersion  respectively,  are  produced  by  stimu¬ 
lation  of  the  sympathetic  and  parasympathetic  nerves  supplying  the  pig¬ 
ment  cells.  These  are  the  substances  considered  operative  in  the  rapid 
alterations  in  the  state  of  melanophore  dispersion  caused  by  changes  in  the 
intensity  of  background  illumination  and  designated  by  him  as  neuro¬ 
humors.  A  third  substance,  intermedine,  secreted  by  the  intermediate  lobe 
of  the  pituitary  gland  causes  dispersion  of  the  melanin  granules  and  acts 
more  slowly  than  do  the  other  two.  All  three  of  these  agents  were  found  to 
affect  the  melanophores  of  the  rainbow  trout  (Rboertson  1951).  Hogben 
and  Sloane  (1931)  believe  they  have  evidence  for  a  second  melanophore- 
affecting  hormone  elaborated  by  the  anterior  lobe  of  the  pituitary 
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which  causes  their  concentration.  They  designate  this  substance  as  “W” 
in  contradistinction  to  intermedine  which  they  call  “B”  hormone.  Waring 
(1940)  supported  this  concept  in  experiments  on  the  eel  as  did  Healey 
(1940)  with  Phoxinus.  Other  workers,  notably  Parker  (1945),  have  failed 
to  secure  evidence  for  a  melanophore-concentrating  hormone  in  the  pitui¬ 
tary  of  the  eel  or  catfish.  However,  it  seems  to  be  generally  agreed  among 
workers  in  this  field  that  the  several  recognized  mechanisms  controlling 
the  activities  of  the  melanophores  may  not  all  function  in  different  species 
of  fish  (Parker  1948) — this  applies  particularly  to  the  role  played  by  the 
pituitary  hormone  or  hormones.  The  inclusion  of  the  thyroid  hormone  as 
another  melanophore-affecting  humor  would  provide  the  rainbow  trout 
with  two  dispersing  and  two  concentrating  agents. 

SUMMARY 

Extracts  of  desiccated,  physiologically  active  mammalian  thyroid  glands 
were  found  to  cause  marked  and  rapid  concentration  of  the  dermal  melano¬ 
phores  of  rainbow  trout.  Injected  subcutaneously  or  intramuscularly 
such  extracts  produced  a  localized  area  of  pallor  which  lasted  for  an  hour 
or  more.  The  melanophores  in  isolated  skin  strips  proved  to  be  equally 
sensitive  to  the  concentrating  effect  of  thyroid  extract  and  provided  a 
means  for  studying  the  optimum  and  limiting  conditions  for  this  reaction. 
Tests  of  the  activity  of  the  several  known  constituents  of  the  thyroid 
secretion  revealed  the  fact  that  extracts  of  the  whole  gland  possessed  a 
much  greater  concentrating  potency  than  did  solutions  of  thyroglobulin 
and  diiodotyrosine.  Thyroxine  was  found  to  have  no  detectable  effect  on  the 
trouts’  melanophores;  the  same  was  true  of  iodinated-casein  and  iodides 
of  sodium  and  potassium.  That  the  active  melanophore-concentrating 
principle  is  associated  with  the  iodine  content  of  the  thyroid,  however,  was 
shown  by  the  absence  of  this  property  in  the  thyroid  powder  from  a  hyper¬ 
plastic  gland  which  contained  very  little  iodine.  The  relationship  of  this 
effect  of  the  thyroid  hormone  to  other  substances  known  to  control  activity 
of  the  melanophores  in  the  body  is  discussed. 
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THE  EX(’RETI()\  AND  DISTRIBUTION  OF  FOL- 
LOWIXO  ADMINISTRATION  OF  PHYSIOLOGIC 
AMOUNTS  OF  LABELED  IODIDE,  DIIODOTY- 
ROSINE  AND  THYROXINE  IN  THE  RAT‘ 

HERBERT  W.  JOHNSON  and  A.  ALBERT 

Mayo  Foundation  and  Mayo  Clinic,  Rochester,  Minnesota 

PRIOR  to  the  av'ailahility  of  radioactive  iodine,  the  metabolism  of 
iodide,  diiodotyrosine  and  thyroxine  had  been  studied  extensively  in 
man  and  animals,  and  the  pertinent  literature  has  been  excellently  sum¬ 
marized  in  the  monographs  of  Salter  (1940)  and  Elmer  (1938).  These 
early  studies  were  necessarily  conducted  by  the  administration  of  large 
amounts  of  the  substances  concerned  in  order  that  their  fate  could  be 
followed  by  chemical  determination  of  iodine.  Doubt  has  always  existed, 
therefore,  as  to  whether  the  results  so  obtained  with  large  amounts  of 
material  were  characteristic  also  of  the  endogenous  metabolism  of  these 
compounds.  With  the  availability  of  P'’^,  similar  studies  have  been  repeated 
in  animals  on  a  number  of  occasions.  Several  authors  have  listed  data 
showing  the  distribution,  fate  and  excretion  of  iodide  in  the  rat  (Leblond, 
1942;  Perlman,  Chaikoff  and  Morton,  1941  and  Stevens,  Stewart,  Quinlin 
and  Meinken,  1949).  Gross  and  Leblond  (1947)  have  studied  the  distribu¬ 
tion  of  radiothyroxine  at  two  and  twenty-four  liours  following  adminis¬ 
tration.  The  distribution  of  a  large  dose  of  radiodiiodotyrosine  has  been 
studied  by  Salter,  Karandikar  and  Block  (1949).  However,  in  spite  of  the 
use  of  P^‘  as  a  labeling  agent  for  these  iodinated  compounds,  the  specific 
activity  of  materials  administered  (with  the  exception  of  iodide)  was  far 
too  low  to  be  considered  physiologic.  It  was  therefore  decided  that  there 
was  definite  need  of  a  study  of  the  metabolism  of  iodide,  diiodotyrosine  and 
thyroxine  in  the  rat  following  the  administration  of  physiologic  amounts 
of  each  compound  labeled  witli 

MATERIALS  AND  METHODS 

The  radioactive  substances  were  freshly  pre|)ared  for  each  experiment.^  In  the  iodide 
experiment,  rats  were  injected  with  I  cc.  of  a  solution  containing  0.1  microgram  of 
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sodium  iodide  per  cubic  centimeter  labeled  with  0.5  microcurie  of  I'®*,  Radiothyroxine 
was  prepared  by  exchange  (Albert,  unpublished  data.)  The  rats  in  the  thyroxine  study 
were  injected  with  1  cc.  of  a  solution  containing  3.9  micrograms  of  d-l  thyroxine  per 
cubic  centimeter  labeled  with  1.0  microcurie  I'^*.  This  dose  of  thyroxine  represents  less 
than  the  daily  amount  of  thyroxine  secreted  by  young  male  rats  (Dempsey  and  Astwood, 
1943.)  Radioactive  diiodotyro.sine  was  also  j)repared  by  exchange  (Albert,  unpublished 
data.)  Rats  used  in  the  diiodotyrosine  study  were  injected  with  1  cc.  of  a  solution  con¬ 
taining  not  more  than  6.6  micrograms  of  d-l  diiodotyrosine  per  cubic  centimeter  labeled 
with  0.64  microcurie  of  I'^'.  The  amount  of  diiodotyrosine  used  is  about  half  that  nor¬ 
mally  present  in  the  rat  thyroid  and  should  therefore  represent  a  physiologic  dose  of  the 
substance. 

Male  albino  rats  of  the  Wistar  strain  averaging  30  to  40  gm.  in  weight  were  used 
throughout  the  study.  The  animals  were  maintained  on  a  commercial  diet  and  tap  water 
ad  libitum.  Each  experiment  was  performed  in  two  stages.  In  the  first  stage,  simultane¬ 
ous  determination  of  the  urinary  and  fecal  excretion  of  I'®‘  and  the  loss  of  radioactivitj 
from  the  entire  rat  was  made.  Groups  of  5  rats  were  injected  subcutaneously  in  the  nape 
of  the  neck  with  1  cc.  of  the  material  to  be  studied.  Within  ten  minutes  of  the  time  of 
injection,  each  rat  was  placed  in  the  gamma  ray  counter  and  an  in  vivo  count®  was  taken 
as  described  later.  After  the  in  vivo  count,  the  rats  were  placed  in  a  small  metabolic  cage 
in  which  the  feces  were  collected  on  a  fine  wire  mesh  and  the  urine  w’as  allowed  to  drain 
onto  heavy  filter  paper  moistened  with  4  N  sodium  hydroxide.  At  varying  intervals  the 
radioactivity  of  the  urine  (filter  paper),  the  feces  and  the  entire  rat  was  determined. 

The  second  stage  consisted  of  determining  the  distribution  of  I‘®'  in  the  organs  of  the 
rat.  Twenty-five  rats  were  injected  subcutaneously  and  were  divided  into  five  groups  of 
5  animals  each.  The  groups  of  rats  were  killed  at  varying  intervals  by  exsanguination 
(aortic  puncture).  One  cubic  centimeter  of  blood  was  withdrawn  for  measurement  of  I‘®‘. 
The  following  whole  organs  w^ere  removed  from  each  rat:  Testes,  spleen,  stomach  and 
contents,  large  and  small  bowel  and  contents,  liver,  adrenals,  kidneys,  lungs,  thymus, 
thyroid,  brain  and  pituitary.  A  portion  of  the  following  organs  was  removed:  Pancreas, 
esophagus,  cardiac  muscle,  skin  and  striated  muscle  (gastrocnemius).  All  organs  were 
weighed,  j)laced  in  vials  and  counted  separately.  The  carcass  was  also  weighed  and 
counted. 

The  counting  equipment  used  consisted  of  a  gamma  ray  counter  (Texas  Company, 
Houston,  Texas)  connected  to  an  autoscaler  (Tracer  Laboratory,  Inc.,  Boston,  Massa¬ 
chusetts).  The  intrinsic  variation  in  counting  rate  determined  over  a  long  period  of  time 
was  less  than  2  per  cent.  The  counting  efficiency  of  the  apparatus  was  such  that  a  negli¬ 
gible  error  due  to  the  resolving  time  of  the  tube  was  present  at  a  counting  rate  less  than 
1,000  counts  per  second,  the  highest  counting  rate  employed  in  this  study.  The  well  of 
the  counter  (4  cm.  diameter  and  1 1  cm.  depth)  was  large  enough  to  accommodate  an 
entire  living,  unanesthetized  animal  or  the  carcass.  In  counting  the  rat  in  vivo,  the  rat 
was  coaxed  into  a  glass  tube,  which  was  then  inserted  into  the  well. 

The  vials  containing  organs  or  fluids  were  placed  in  the  same  position  in  the  counting 

®  In  an  experiment  involving  42  rats,  it  was  found  that  the  in  vivo  count  showed  a 
mean  increase  in  counts  of  14.0  ±3.7  per  cent  over  the  amount  of  radioactivity  actually 
injected  as  determined  by  measurement  of  the  syringe  before  and  after  injection  of  the 
rat.  This  increase  in  counts  was  probably  due  to  scatter  radiation  from  the  bones  of  the 
rat.  Consequently,  the  in  vivo  counts  obtained  ten  minutes  after  injection  were  reduced 
by  14  per  cent  and  the  resultant  value  was  used  as  100  per  cent  of  the  dose.  The  same 
correction  factor  was  applied  to  counts  obtained  from  the  rat  carcass  later  in  the  study. 
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well.  Aliquots  of  the  dose  administered  were  also  placed  in  similar  vials  and  counted 
simultaneously  with  the  various  organs.  No  count  was  considered  significant  unless  it 
was  higher  than  the  mean  background  value  by  three  or  more  standard  deviations.  The 
results  were  expressed  as  per  cent  of  dose  in  the  excretion  experiments  and  as  per  cent  of 
dose  per  gram  tissue  in  the  distribution  experiments.  Correction  for  physical  decaj'  of 
was  made  when  necessary,  as  in  the  excretion  experiments. 

Radioactive  iodine 


r' 


Fig.  1.  Urinary  and  fecal  excretion  of  I*’*  and  diminution  of  I*®*  in  the  entire  rat  fol¬ 
lowing  administration  of  radioiodide.  Each  point  is  the  average  value  for  5  rats,  the 
values  being  plotted  cumulatively.  Note  that  at  any  time,  t,  the  summation  of  the  radio¬ 
activity  in  feces,  urine  and  the  body  of  the  animal  falls  slightly  short  of  100  per  cent  of 
the  dose. 


RESULTS 

1.  Excretion  Studies. — The  excretion  of  following  administration  of 
radioiodide  is  shown  in  Figure  1.  Radioiodine  disappeared  from  the  entire 
rat  in  an  exponential  fashion.  The  urinary  excretion  of  (75.8  per  cent 
in  forty-eight  hours)  accounted  for  the  major  portion  of  the  dose.  The  fecal 
excretion  was  negligible,  being  less  than  8  per  cent  at  forty-eight  hours. 
In  general  these  data  are  in  excellent  agreement  with  more  extensive  data 
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reported  for  human  beings  on  the  metai)olism  of  iodide  (Albert  and  Keat¬ 
ing,  1949). 

The  urinary  and  fecal  excretion  of  following  administration  of  radio¬ 
active  diiodotyrosine  (Fig.  2)  was  similar  to  that  following  administration 
of  iodide  from  the  eighth  to  the  forty-eighth  hour  of  the  study.  During 
the  first  eight  hours,  however,  the  fecal  excretion  amounted  to  12  per  cent 


Radioactive  diiodoluro.^ine 
lOSf -  - - - 


Fig.  2.  Urinary  and  fecal  excretion  of  I'®'  and  diminution  of  I'”  in  the  entire  rat  follow¬ 
ing  administiation  of  radiodiiodotyrosine.  Each  point  represents  the  average  value  of  4 
rats. 


of  the  do.se.  From  this  time  until  the  end  of  the  forty-eight-hour  period  of 
observation,  only  a  small  increment  of  fecal  excretion  occurred.  Unlike 
the  curve  of  urinary  excretion  of  P^'  following  iodide  administration,  the 
initial  limb  of  the  curve  of  urinary  excretion  lagged.  After  the  eight-hour 
interval  the  curve  of  urinary  excretion  resembled  that  of  iodide.  The  shapes 
of  the  excretion  curves  suggested  that  initially  some  of  the  diiodotyrosine 
may  have  been  excreted  as  such  and  that  after  a  period  of  eight  hours  the 
nature  of  the  excretion  had  changed,  resembling  that  of  iodide. 


Per  cent  of  do 
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The  excretion  of  following  the  administration  of  radiothyroxine  was 
quite  different  from  that  following  the  administration  of  iodide  or  of  di- 
iodotyrosine  (Fig.  3).  A  more  prolonged  and  roughly  linear  diminution  of 
radioactivity  from  the  entire  animal  occurred.  The  urinary  excretion  of 
was  about  30  per  cent  of  the  dose  at  forty-eight  hours,  much  lower 
than  in  the  ca.se  of  the  previous  substances;  whereas  the  fecal  excretion 
at  this  time  was  about  40  per  cent  of  the  dose,  much  higher  than  that  fol¬ 
lowing  administration  of  iodide  or  diiodotyrosine.  It  was  evident  from  the 


Fig.  3.  Urinary  and  fecal  excretion  of  I'-'"  and  diminution  of  I'^'  in  the  entire  rat 
following  administration  of  radiothyroxine.  Each  point  represents  the  average  value 
of  4  rats. 


shape  of  the  elimination  curve  following  administration  of  thyroxine  that 
the  metabolism  of  this  .substance  was  quite  different  from  that  of  iodide 
and  of  diiodotyrosine. 

2.  Distribution  Studies. — The  amount  of  radioactivity  found  in  the 
various  organs  after  the  admini.stration  of  radioiodide  is  shown  in  Figure  4. 
Oidy  two  organs  contained  more  radioactivity  per  gram  .substance  than 
did  blood  the  thyroid  and  the  gastrointestinal  tract.  Some  concentration 
of  was  also  found  in  the  testes,  spleen,  pancreas,  thymus,  cardiac  mus¬ 
cle,  striated  muscle,  adrenals  and  brain;  but  the  appearance  of  P*'  in  the.se 
organs  was  too  sporadic  and  irregular  and  of  too  small  magnitude  to  be 
considered  significant. 

Distribution  of  radioactivity  following  the  administration  of  radio- 
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Fig.  4.  Mean  concentration  of  I'^'  in  various  organs  of  tiie  rat  following  administra¬ 
tion  of  radioiodide.  Each  point  is  the  average  value  of  5  rats,  and  only  those  tissues  which 
concentrate  significant  amounts  of  1”^  are  shown.  In  this  graph  the  curve  designated  as 
“Stomach”  should  read  “Stomach,  small  and  large  bowel.”  The  zero  value  in  this  and  in 
Figs.  5  and  6  represents  a  value  three  standard  deviations  above  the  mean  of  the  back¬ 
ground  count. 

(liiodotyrosine  is  shown  in  Figure  5.  In  this  instance  three  organs  contained 
radioactivity  in  amounts  greater  than  that  present  in  an  equal  weight  of 
blood — thyroid,  stomach  and  kidneys.  No  significant  concentration  was 
found  in  any  of  the  other  organs. 

The  distribution  of  radioactivity  following  administration  of  radio¬ 
thyroxine  is  shown  in  Figure  6.  The  greatest  amount  of  radioactivity  was 
found  in  the  stomach.  Smaller  amounts  but  nevertheless  concentrations 
greater  than  that  of  the  blood  were  present  in  the  kidneys  and  liver.  No 
significant  amount  of  radioactivity  was  found  in  the  thyroid  gland. 
was  also  found  in  the  lungs,  testes  and  pancreas;  but  it  occurred  in  too 
sporadic  a  manner  and  in  too  few  animals  to  be  considered  significant. 
Radioactivity  was  not  found  in  striated  muscle,  as  reported  by  others 
(Gross  and  Leblond,  1947). 
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Insignificant  amounts  of  radioactivity  were  present  in  all  other  tissues 
studied  in  the  three  experiments  except  in  one  instance.  Following  the 
administration  of  radiothyroxine  a  small  amount  of  radioactivity  w'as  noted 
in  the  brain.  However,  this  was  much  less  than  the  amount  present  in  an 
equal  weight  of  blood. 

From  the  foregoing  experiments,  it  was  apparent  that  radioactivity 
was  concentrated  in  the  gastro-intestinal  tract  after  administration  of 
iodide,  diiodotyrosine  and  thyroxine.  In  order  to  determine  more  exactly 
the  distribution  of  I‘®‘  within  the  gastro-intestinal  tract,  these  experiments 
were  repeated  and  .separate  portions  of  the  gastro-intestinal  tract  were 
analyzed.  Groups  of  15  rats  each  were  injected  with  labeled  iodide,  diiodo¬ 
tyrosine  and  thyroxine,  and  5  animals  were  killed  at  three,  six  and  twenty- 
four  hours  after  injection.  As  standards  for  comparison,  the  radioactivity 
in  1  cc.  of  blood  and  in  thyroid  was  measured.  The  gastro-intestinal  tract 


Fig.  5.  Mean  concentration  of  I*®'  in  various  organs  of  the  rat  following  administration 
of  radiodiiodotyrosine.  Each  point  is  the  mean  value  for  5  rats. 
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from  the  esophagus  through  the  reetum  was  removed  in  one  piece  and 
separated  into  stomach,  small  bowel  and  large  bowel.  The  liver,  pancreas 
and  salivary  gland  (submaxillary)  were  also  removed.  The  three  portions 
of  the  gastro-intestinal  tract  were  weighed.  P^ach  portion  was  then  opened 
and  the  contents  were  allowed  to  drain  into  a  flat  dish.  The  muco.sal  surface 
was  then  washe  1  with  saline  solution,  and  the  washings  were  added  to  the 
dishes.  The  portions  of  the  gastro-intestinal  tract  were  weighed  again. 
The  difference  in  weight  for  each  portion  of  the  gastro-intestinal  tract. 


Fig.  ().  Menu  concentration  of  I”'  in  various  organs  of  the  rat  following  administration 
of  radiothyroxine.  Each  point  is  the  mean  value  for  n  rats. 


before  and  after  removal  of  the  contents,  thus  represented  the  weight  of 
the  contents  of  the  particular  portion  of  the  gastro-intestinal  tract. 

In  an  effort  to  determine  something  of  the  nature  of  the  pre.sent, 
each  organ  was  ground  with  10  per  cent  trichloracetic  acid.  After  the  in¬ 
soluble  portion  had  been  washed  with  10  per  cent  trichloracetic  acid,  the 
radioactivity  in  the  precipitate  was  determined.  The  precipitate  contains 
any  free  thyroxine  that  may  be  present  or  any  P®*  in  protein-bound  form. 
The  trichloracetic-.soluble  portion  contains  both  free  diiodotyrosine  and 
iodide,  and  the  iodide  can  |be  .separated  by  the  addition  of  silver  nitrate. 
Iodide  is  precipitated  as  a  silver  salt,  leavdng  diiodotyrosine  or  .similar 
.substances  in  solution  (Albert  and  Keating,  unpublished  data). 

The  results  of  the  distribution  of  P®‘  within  the  gastro-intestinal  tract 
are  shown  in  Table  1.  Confirmatory  of  the  previous  experience,  it  can  be 
seen  that  after  the  administration  of  labeled  iodide,  localization  of  P*' 
occurred  in  the  stomach  and  thyroid  and  to  a  lesser  extent  in  the  small 
bowel.  However,  the  greatest  amount  of  radioactivity  was  present  in  the 
secretions  of  both  the  .stomach  and  small  bowel.  There  was  no  concentra- 
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tion  in  tlie  large  bowel.  Since  the  eoneentration  tends  to  fall  with  time  and 
thus  to  parallel  the  blood  curve,  it  would  appear  that  the  upper  part  of 
the  gastro-intestinal  tract  constitutes  an  appreciable  space  for  iodide  which 
is  in  equilibrium  with  the  blood.  The  facts  that  the  feces  contain  little 
radioactivity  ami  that  the  large  bowel  shows  no  localization  of  I’*'  would 
indicate  fairly  complete  reabsorption  of  iodide. 

The  contents  of  the  stomach  and  the  stomach  itself,  representing  the 
highest  concentration  of  radioactivity,  were  subjected  to  the  fractionation 

Table  1.  Distribi  tion  ok  I'®'  ix  varioks  tissves  axu  organs 


Ppr  cent  of  dose  per  gram  tissue 


Tissue  or  organ 

Labeled  iodide 

Labeled 

diiodotyrosine 

Labeled  thyroxine 

Hours 

^  1 

0  1 

24  1 

3  : 

i 

24  1 

3 

0 

24 

Blood 

2 

.0 

2 

.5  i 

0 

.4  : 

1 

.5 

1 

.3  ' 

0 

.5  ] 

1 . 

.2  : 

0. 

,8  ! 

0. 

3 

Thyroid 

,  "b 

.0 

73 

.0 

103 

.0 

17 

.7  i 

20 

•2  i 

85 

•2  i 

— 

— 

— 

Stomach 

20 

.4 

10 

.3 

1 

.5  1 

7 

.0 

5 

.3  ! 

1 

.0 

1 

4  ' 

0 

0  1 

0 

4 

Stomach  contents 

102 

.3 

150 

.3 

4 

.1  ! 

35 

.8  : 

05 

.0  ' 

5 

.0 

0 

0  : 

10 

4 

3 

.5 

Small  bowel 

!  1 

.  7 

I  0 

.  ~i  ! 

0 

.2 

0 

.0 

0 

.0 

0 

.2 

3 

8  ’ 

0 

8 

0 

.2 

Small  bowel  contents 

1  12 

.0 

;  0 

.2 

0 

3 

.5 

3 

.3 

1 

.0 

145 

8 

20 

1 

.0 

Large  bowel 

.5 

0 

.  7 

0 

.3 

0 

.3 

0 

.4 

0 

.2 

0 

8 

0 

0  1 

0 

.3 

Large  bowel  contents 

.5 

i  1 

.  1 

0 

.0 

1 

.0 

1 

.0 

0 

.5 

4 

0 

50 

0 

2 

.3 

Liver 

.  7 

!  1 

.0 

0 

.  1 

0 

.0 

;  0 

.0 

0 

.2 

4 

0 

4 

2 

2 

.4 

Pancreas 

.8 

i  1 

.  t 

0 

.0 

;  0 

.0 

0 

.8 

0 

.3 

i  0 

7 

0 

3 

— 

- 

Salivary  gland 

.8 

,  1 

.5 

!  0 

.5 

0 

.0 

0 

.5 

0 

.3 

0 

8 

0 

3 

— 

- 

procedure  previously  described.  It  was  found  that  93  per  cent  of  the  radio¬ 
activity  present  behaved  as  if  it  were  iodide,  which  lends  further  support 
to  the  thought  expressed;  namely,  that  the  gastro-intestinal  secretions 
repre.sent  simply  a  fairly  large  space  for  the  distribution  of  iodide  and  that 
conversion  of  iodide  into  organic  and  therefore  less  diffusible  form  is  not 
involved. 

After  the  administration  of  labeled  diiodotyrosine,  radioactivity  was 
found  in  the  thyroid  and  upper  part  of  the  gastro-intestinal  tract,  qualita¬ 
tively,  a  similar  distribution  as  noted  for  iodide.  Again  radioactivity  was 
pre.sent  in  the  secretions  of  the  stomach  and  small  bowel  and  to  a  lesser 
extent  within  the  tissue  itself.  Fractionation  of  the  stomach  and  contents 
of  the  stomach  indicated  that  90  per  cent  of  radioactivity  was  present  in 
the  form  of  iodide  and  not  as  diiodotyrosine  or  thyroxine.  Thus,  it  would 
appear  that  while  a  small  amount  of  diiodotyrosine  may  be  .secreted  into 
the  large  bowel  and  thereby  eliminated  in  the  feces  as  such  or  that  the 
thyroid  may  accumulate  a  small  portion  of  diiodotyrosine  as  such,  the 
major  portion  of  this  compound  is  rapidly  broken  down,  liberating  iodide. 
This  is  indicated  both  by  the  similarity  to  iodide  in  the  distribution 
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throughout  the  tissues  and  by  the  rough  identification  as  iodide  of  the 
in  the  portion  of  the  gastro-intestinal  tract  which  concentrated  most  of  the 
activity. 

Distribution  of  P®‘  following  the  injection  of  labeled  thyroxine  was  quite 
different,  as  noted  in  the  previous  study.  No  radioactivity  was  observed 
in  the  thyroid.  A  much  smaller  proportion  was  present  in  the  stomach 
than  after  injection  of  iodide  or  diiodotyrosine.  However,  the  small  bowel 
and  large  bowel  contained  high  concentrations  of  radioactivity.  This 
would  indicate  that,  if  the  radioactivity  was  due  to  thyroxine  itself,  this 
compound  is  poorly  reabsorbed  from  the  gut,  which  would  explain  the  high 
percentage  in  the  fecal  excretion.  Analysis  of  the  contents  of  the  three  por¬ 
tions  of  the  gastro-intestinal  tract  indicated  that  only  30  per  cent  of  the 
contents  of  the  stomach  was  pre.sent  as  thyroxine,  the  remainder  being  in 
the  form  of  iodide;  whereas  in  the  contents  of  both  the  small  bowel  and 
the  large  bowel  90  and  96  per  cent  respectively  of  the  radioactivity  was 
present  as  thyroxine.  It  would  thus  appear  that  thyroxine  is  secreted  into 
the  gastro-intestinal  tract,  probably  directly  from  the  blood  stream,  that 
some  destruction  occurs  in  the  stomach,  liberating  iodide,  but  that  very 
little  destruction  or  reabsorption  occurs  in  the  lower  portion  of  the  gastro¬ 
intestinal  tract.  That  the  liver,  which  also  concentrated  radioactivity,  was 
rich  in  thyroxine  is  indicated  by  the  fact  that  82  per  cent  of  its  radioactivity 
behaved  as  if  it  were  thyroxine.  The  high  concentration  of  thyroxine  in  the 
liver  taken  in  conjunction  with  the  high  concentration  in  the  small  bowel 
and  the  large  bowel  would  indicate  that  an  enterohepatic  circulation  of 
thyroxine  is  present  and  hence  would  explain  the  high  distribution  of 
thyroxine  in  the  bowel  as  well  as  the  hypothesis  just  offered. 

DISCUSSION 

In  these  experiments,  mainly  the  total  amount  of  radioactivity  present 
in  any  tissue  or  fluid  was  measured  and,  with  the  exception  of  a  few'  analy¬ 
ses  on  the  ti.ssues  w'hich  greatly  concentrated  P®’,  no  attempt  was  made  to 
identify  the  chemical  nature  of  the  How'ever,  it  is  known  from  previous 
studies  (Albert  and  Keating,  1949)  that  within  the  time  interval  of  these 
experiments,  radioiodide  is  distributed  and  excreted  as  iodide  and  that 
no  conversion  into  organic  compounds  occurs  except  in  the  thyroid.  Pre¬ 
sumably  thyroxine  is  metabolized  into  at  least  two  compounds,  iodide  and 
diiodotyrosine.  Unpublished  data  from  human  experiments  indicate  that 
diiodotyrosine  is  rapidly  decomposed  and  that  the  iodine  is  excreted  as 
iodide  (Albert  and  Keating). 

The  similarities  and  dissimilarities  of  distribution  and  excretion  of  P®’ 
following  administration  of  the  three  radioactive  compounds  can  be  noted 
by  a  compari.son  of  the  data  on  distribution  and  excretion  after  adminis- 
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tration  of  radioiodide  with  those  of  the  radioactive  organic  iodine-con¬ 
taining  compounds.  If  the  distribution  and  excretion  of  radioactivity  fol¬ 
lowing  the  administration  of  organic  iodine  compounds  were  similar  to 
that  of  iodide,  it  could  be  concluded  that  the  iodide  had  been  effectively 
split  off.  However,  if  radioactivity  were  excreted  differently  or  concen¬ 
trated  in  certain  organs  which  did  not  collect  radioiodide,  it  could  be  as¬ 
sumed  that  the  organic  compounds  themselves  or  some  organic  metabolite 
had  been  concentrated  by  such  tissues. 

When  the  radioactivity  in  certain  tissues  was  compared  with  that  in  the 
blood  on  an  equal  weight  basis,  it  was  evident  that  certain  tissues  had 
specific  concentrating  power  for  the  three  compounds.  Most  notable  among 
these  was  the  thyroid.  In  the  iodide  experiment  the  thyroid  contained 
167.9  times  as  much  radioactivity  per  gram  as  the  blood,  a  fact  which  is 
in  agreement  with  a  number  of  previous  reports  (Astwood,  1949;  Chaikoff 
and  Taurog,  1949).  The  concentrating  power  of  the  thyroid  following  the 
administration  of  diiodotyrosine  was  only  one  third  of  that  in  the  iodide 
experiment,  being  52  times  the  blood  concentration.  As  in  the  iodide  experi¬ 
ment,  this  high  concentration  of  radioactivity  in  the  thyroid  after  injection 
of  diiodotyrosine  was  maintained  even  after  the  blood  level  was  not  measur¬ 
able.  The  difference  in  urinary  and  fecal  excretion  in  the  iodide  and  diiodo¬ 
tyrosine  experiments  in  the  first  eight  hours  and  the  early  and  high  concen¬ 
tration  of  radioactivity  in  the  thyroid  might  indicate  that  a  small  amount 
of  diiodotyrosine  itself  or  some  other  unknown  breakdown  product,  as 
well  as  iodide  split  from  the  diiodotyrosine  molecule,  may  have  been  con¬ 
centrated  and  held  by  the  thyroid  gland.  In  view  of  the  similarities  of  the 
curve  of  urinary  and  fecal  excretion  of  I'®'  following  administration  of  iodide 
and  diiodotyrosine  after  the  eight-hour  interval,  it  would  appear  that  the 
major  portion  of  the  thyroidal  activity  in  the  diiodotyrosine  experiment 
after  the  eight-hour  interval  was  due  to  the  liberation  of  iodide  from  diiodo¬ 
tyrosine  and  its  subsequent  concentration  by  the  thyroid.  Significant 
amounts  of  radioactivity  were  not  demonstrable  in  the  thyroid  following 
administration  of  thyroxine.  Thus,  it  is  obvious  that  no  radioactive  organic 
metabolite  of  thyroxine  and  no  thyroxine  itself  was  accumulated  by  the 
thyroid  and  furthermore  that  any  iodide  liberated  from  it  was  liberated 
at  too  slow  a  rate  or  in  too  small  amounts  to  be  effectively  accumulated  by 
the  thyroid  during  the  seventy-two  hours  of  the  experiment. 

The  gastro-intestinal  tract  concentrated  in  amounts  that  were 
greater  than  were  in  the  blood  after  administration  of  all  three  compounds. 
Furthermore,  the  secretions  of  the  gut  rather  than  the  tissue  itself  con¬ 
tained  the  radioactivity.  Since  the  radioactivity  in  the  gastric  secretion 
was  in  the  form  of  iodide  following  radioiodide  administration,  the  gastric 
secretion  must  represent  a  large  iodide  space.  Furthermore,  this  space 


I 


JOHNSON  AND  ALBERT 


Volume  4^ 


m) 

is  in  equilil)rium  with  the  blood  as  shown  by  its  decrease  with  time.  The 
absence  of  iodide  in  the  lower  part  of  the  gastro-intestinal  tract,  plus  the 
low  fecal  excretion  of  P’b  after  radioiodide  administration,  indicates  that 
fairly  complete  reabsorption  occurs.  Such  a  view  is  confirmatory  of  the 
reports  of  Cohn  (1932),  who  observed  rapid  absorption  of  iodide  from  iso¬ 
lated  loops  of  intestine. 

With  the  exception  of  the  first  few  hours  following  administration  of 
radiodiiodotyrosine,  the  localization  of  P®*  and  the  nature  of  the 
in  the  gastro-intestinal  secretions  indicate  that  diiodotyrosine  is  rapidly 
metabolized  to  iodide.  Furthermore,  this  rapid  de-iodination  of  diiodo¬ 
tyrosine  would  imply  that  because  of  its  short  biologic  half-life,  it  plays 
little  role  as  a  free  amino  acid  in  either  the  anabolism  or  the  catabolism  of 
thyroid  hormone. 

The  amounts  of  P*‘  in  the  various  tissues  after  administration  of  radio¬ 
thyroxine,  as  well  as  the  nature  of  the  P*‘  in  the  liver  and  gastro-intestinal 
tract,  imply  a  quite  different  behavior  in  metabolism  of  thyroxine.  This 
compound  must  be  deiodinated  very  slowly.  Furthermore,  the  high  con¬ 
centration  in  the  liver  and  in  the  secretion  of  the  entire  gastro-intestinal 
tract  and  feces  can  be  taken  as  evidence  of  reabsorption  from  the  gut 
as  well  as  evidence  of  an  enterohepatic  circulation.  Which  of  these  is  the 
more  important  factor  cannot  be  decided  from  these  studies,  and  the  ques¬ 
tion  merits  further  direct  experimentation. 

Thyroxine  was  the  only  one  of  the  three  compounds  concentrated  by  the 
liver.  The  kidneys  contained  greater  concentrations  of  the  three  substances 
at  the  time  of  maximal  concentration  than  did  the  blood,  owing  partly  to 
the  urine  present  in  the  renal  parenchyma.  No  constant  and  significant 
uptake  of  radioactivity  was  found  in  striated  muscle,  or  in  pituitary  or 
other  endocrine  organs,  with  any  of  the  three  radioactive  compounds. 

SUMMARY  AND  CONCLUSIONS 

The  excretion  and  distribution  of  P®'  after  the  administration  of  physio¬ 
logic  amounts  of  labeled  iodide,  diiodotyrosine  and  thyroxine  w'ere  studied 
in  rats.  The  administered  radioiodine  and  radiodiiodotyrosine  were  largely 
excreted  or  metabolized  in  forty-eight  hours  as  measured  in  vivo  by  count¬ 
ing  the  entire  animal.  The  administered  radiothyroxine  was  lost  more 
.slowly  from  the  body  than  the  other  two  substances.  The  urinary  excretion 
of  radioactivity  following  administration  of  radioiodide  and  radiodiiodo¬ 
tyrosine  was  similar  in  magnitude  and  in  time  relationships  except  for 
the  first  eight  hours.  During  the  first  eight  hours,  the  excretion  pattern 
indicated  that  a  small  portion  of  the  diiodotyrosine  may  hav'e  been  ex¬ 
creted  as  such.  The  curve  of  urinary  excretion  following  administration  of 
radiothyroxine  was  unlike  that  of  iodide  and  diiodotyrosine  in  that  it  was 
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linear  in  sliape  and  much  smaller  in  magnitude.  The  fecal  excretion  of 
radioactivity  in  the  iodide,  diiodotyrosine  and  thyroxine  experiments  was 
2,  16  and  40  per  cent  of  the  dose  respectively. 

The  greatest  amount  of  I'*'  was  present  in  the  thyroid  following  adminis¬ 
tration  of  radioiodide  and  radiodiiodotyrosine.  No  radioactivity  was  found 
in  the  thyroid  following  administration  of  radiothyroxine.  Of  the  extra- 
thyroidal  tissues  the  gastro-intestinal  tract  concentrated  the  greatest 
proportion  of  P®*  administered  as  iodide,  thyroxine  or  diiodotyrosine.  The 
concentration  of  was  greater  in  the  secretion  of  the  gastro-intestinal 
tract  than  in  the  tissue.  Following  injection  of  labeled  iodide,  the  P'’^  of 
the  gastric  secretion  was  in  the  form  of  iodide,  thus  constituting  a  rather 
large  space  for  the  di.stribution  of  iodide.  The  P®‘  in  the  gastro-intestinal 
tract  following  injection  of  radiodiiodotyrosine  was  largely  in  the  form  of 
iodide,  indicating  a  rather  rapid  de-iodination  of  the  substance.  Following 
injection  of  radiothyroxine,  the  P®‘  was  present  mainly  as  thyroxine.  The 
high  concentration  of  radiothyroxine  in  the  liver  in  comparison  with  the 
high  fecal  excretion  and  high  concentration  in  the  small  bowel  and  the 
large  bowel  indicates  that  thyroxine  probably  undergoes  an  enterohepatic 
circulation  or  is  poorly  reabsorbed  from  the  gut  or  both. 
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INTRODUCTION 

Numerous  reports  have  suggested  that  both  the  adrenal  glands  and 
the  gonads  might  play  a  role  in  the  control  of  normal  thyroid  func¬ 
tion  (Means,  1948).  To  our  knowledge,  however,  no  complete  study,  clini¬ 
cal  or  animal,  has  been  done  to  determine  this  possible  relationship.  More¬ 
over,  in  many  cases  the  observations  which  have  been  made  are  difficult 
to  evaluate  due  to  great  variation  in  experimental  conditions.  Gassner  and 
co-workers  (1947)  and  Money  et  al.  (1950)  have  recently  reviewed  the 
literature  on  this  subject.  Therefore,  further  discussion  will  be  omitted  from 
this  publication. 

For  some  time  we  have  been  investigating  the  factors  involved  in  control 
of  normal  thyroid  function.  In  the  course  of  our  studies  it  was  found  of 
interest  to  determine  the  effects  of  various  adrenal  and  gonadal  substances 
on  the  thyroid.  The  criteria  we  have  used  in  this  investigation  were  (1) 
the  effect  of  the  compounds  on  thyroid  weight  and  (2)  the  collection  of 
radioactive  iodine  by  the  thyroid  gland. 

MATERIALS  AND  METHODS 

Tliree  hundred  and  sixty  male  rats  of  the  Sprague-Dawley  strain  with  a  weight  that 
varied  between  250  and  300  grams  were  used  in  this  study.  Each  group  consisted  of  10 
animals  which  were  selected  for  uniformity  of  weight  and  health.  All  animals  were  main¬ 
tained  throughout  the  experiment  on  double  distilled  water. 

The  rats  in  Series  1  to  V  were  given  a  diet*  which  was  low  in  iodine.  Ten  days  after 

Received  for  publication  January  26,  1951. 

*  Fellow  in  Cancer  Research  of  the  American  Cancer  Society. 

This  w'ork  was  carried  out  during  a  tenure  of  a  fellow'ship  in  Cancer  Research  of  the 
American  Cancer  Society,  and  supported  in  part  by  a  grant  in  aid  from  the  American 
Cancer  Society  upon  recommendation  of  the  Committee  on  Growth  of  the  National  Re¬ 
search  Council.  This  study  also  received  joint  support  from  The  Office  of  Naval  Research 
and  The  Atomic  Energy  Commission  under  Contract  No.  N8  onr-66S. 

'  Sodium  chloride  50  grams 

Brewer’s  yeast  10  grams 

Calcium  Carbonate  150  grams 

Wheat  gluten  100  grams 

(^orn  meal  3800  grams 
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Table  1 

Compound 

Source 

Solvent 

■  Total 
dose/animal 

17a-hydrox3’-l  l-desoxycorticos- 

Glidden  Co. 

Suspension 

.50  mg. 

teroiie-21-acetate  (Comp.  S) 

Pregnene  17a,  20 fi  21-Triol-3- 
one  20,21-diacetate  (“Triol”) 

Glidden  Co. 

Suspension 

50  mg. 

Allo-pregnanediol-3/J  17a  one-20 
acetate  3  (Compound  L) 

Chemical  Specialties 
Co. 

Suspension 

1.50  mg. 

300  mg. 

Adrenal  cortex  ext. 

Upjohn  Co. 

Extract 

21  cc. 

Pregnenolone 

Schering  Corp. 

Suspensioti 

1.50  mg. 

300  mg. 

2 1-Acetoxy-pregnenolone 

Schering  Corp.  and 
Svntex  Co. 

Susj)ension 

150  mg. 

300  mg. 

Progesterone  (Proluton) 

Schering  Corp. 

Oil 

.50  mg. 

Testosterone  propionate  (Oretoii) 

Schering  Corp. 

Oil 

.50  mg. 

Estrone  (Theelin) 

Parke  Davis  &  Vn. 

Oil 

.500  gamma 

a-Estradiol  benzoate  (Progvnon- 

Schering  Corp. 

Oil 

10  mg. 

.500  gamma 

Cortisone  acetate  (Cortone) 

Merck  &  Co. 

Suspension 

25,  .50,  100  mg. 

ACTH 

Armour  Laboratories 

Saline 

.50  mg. 

(.Vrmour  std.) 

Testosterone 

Aj’erst,  McKenna  <fe 
Harrison 

Suspension 

.50  mg. 

Oestriol 

.\yerst,  McKenna  & 
Harrison 

Oil 

10  mg. 

Desoxvcorticosterone 

Ciba 

Suspension 

Suspension 

Suspension 

1.50  mg. 

Dieth^lstilbestrol 

Squibb  &  Sons 

10  mg. 

3,11,20  triketo,  17  hvdroxv  21 

Merck  <fe  Co. 

300  mg. 

acetox.v  pregnane  (Dihj’dro  E) 

1  l-Dehyurocorticosterone  acetate 
(Compound  A) 

Merck  &  Co. 

Suspension 

200  mg. 

this  diet  was  started,  injections  of  the  various  compounds  to  l)e  tested  were  hesun.  With 
the  exception  of  compounds  in  oil,  all  injections  were  given  three  times  a  day,  a])proxi- 
mately  every  8  hours.  Oily  solutions  were  given  twice  a  day.  Animals  remained  on  this 
diet  during  the  injection  period  of  10  days. 

The  animals  used  in  Series  VI  were  fed  a  dieUhigh  in  carbohydrates  for  5  days  before 
the  injections  were  started.  In  order  to  determine  food  consumption  under  steroid  treat¬ 
ment  (which  was  not  done  with  the  low  iodine  diet)  daily  dietary  intake  was  measured 
during  the  10  days  of  injections.  Steroid  treatment  did  not  significantly  change  food  con¬ 
sumption  in  this  series  of  animals. 

Twenty-four  hours  before  autopsy  all  animals  were  given  1  mc  of  carrier  free  I”* 
intraj)eritoneally.  At  the  time  of  autop.sy  the  rats  were  given  a  small  dose  of  nembutal 
and  exsanguinated  from  the  dorsal  aorta. 

Thyroids  were  removed,  dissected  free  of  fat  and  connective  tissue  and  weighed  on  a 
Roller-Smith  balance.  They  were  then  immediately  put  into  a  10  cc.  vial  containing  4  cc. 
of  a  solution  of  3  parts  Bonin’s  solution  and  1  part  of  1%  Nal.  Counting  of  I'®*  was  done 
in  a  Texas  company  gamma-ray  Geiger-Muller  tube.  The  I^®‘  in  the  thyroid  tissue  has 
been  expressed  as  a  percentage  of  the  injected  solution,  which  was  measured  at  the  .same 
time  and  under  the  same  conditions  as  the  glands. 

The  compounds  we  have  tested,  their  source,  and  total  dosage  per  animal  are  given 
in  Table  1. 


®  Essentially  the  same  diet  as  reported  by  Ingle  (1946).  The  only  modification  was 
that  we  used  only  5  grams  of  cod  liver  oil  and  added  200  cc.  more  of  water. 
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Table  2 


('oin  pound 

No. 

animals 

survived 

mg/ 

.\ve. 

body 

.\ve. 

thyroid 

%  I‘” 

%  I‘»‘ 

Thyroid 

day/rat 

wt. 

wt. 

Thyroid 

(gms.) 

(mg.) 

Hody ' 

Series  I 

A4PreKnene  17o,  20d,21-Triol-  10 

5.0 

2(>(> 

23.3 

55.0 

0.4 

3  one  20,21,  diaeetate 

.\drenal  Extract 

10 

2.1 

201 

23.5 

50 . 0 

0.4 

Compound  S 

It 

((•<*. ) 

5.0 

209 

24.0* 

53.5 

5.8 

ACTH 

10 

5.0 

227* 

19.9* 

44.5* 

5.1 

(\>ntrols 

8 

(std.) 

209 

27.1 

58.9 

5.9 

Series  II 
(^)rti8one 

10 

2.5 

238* 

18.0 

38.8 

5.0 

Progesterone 

10 

5.0 

293 

23.3 

53.3* 

0.9* 

Testosterone  propionate 

9 

5.0 

283 

20.3 

52. 7t 

7.4* 

Estrone 

8 

50 

2<)0 

20.7 

57.4* 

0.7* 

Controls 

10 

gamma 

278 

21 .4 

41.1 

5.4 

Series  III 

('ompound  L 

10 

15.0 

284* 

19.0 

08.5 

10.2 

21-Acetoxy-pregnenolone 

10 

15.0 

290 1 

19.5 

00.3 

10.0 

Pregnenolone 

10 

15.0 

283 1 

19.0 

53.4 

7.8 

Cortisone 

11 

5.0 

230* 

17.0 

45. 5t 

5.9* 

Estradiol  benzoate 

9 

1 .0 

250 

20.1 

02.0 

8.0 

C^)ntrol8 

9 

— 

207 

18.0 

01 .3 

9.1 

Series  IV 

Testosterone 

9 

5.0 

310 

22.7 

59. 4 1 

8.3 

Estradiol  benzoate 

10 

50 

282* 

23.2 

45. 2t 

5.2* 

Oestriol 

10 

gamma 

1.0 

275* 

20. Of 

30.8* 

5.1* 

Desoxyeortieosterone 

9 

15.0 

330 1 

20. Of 

45.5 

5.9* 

Diethvlstilbestrol 

8 

1.0 

285* 

21 .0 

44.0* 

o.ot 

('ontrols 

10 

— 

321 

22.5 

51 .0 

7.4 

Series  \ 

Cortisone 

10 

10.0 

238* 

20.0 

43.3 

5.0 

Dihvdro  E 

10 

30.0 

292 

24.lt 

09.2* 

8.4* 

(’ompound  E 

10 

30.0 

289 

21.7 

50.0 

0 . 7 

21-A(*etoxv-preKt)enolotH‘ 

10 

30.0 

309 1 

23.9 

00.8* 

7.9* 

Pregnenolone 

10 

30.0 

299 

22.9 

01.1* 

8.0* 

Compound  A 

10 

20.0 

240* 

17.3* 

37.9* 

5.4* 

Controls 

10 

— 

292 

22.5 

49.4 

0.4 

Series  VI 
Cortisone 

8 

10.0 

208* 

11  .Of 

11.1* 

1 .9* 

Dihvdro  E 

9 

30.0 

277 

15.7 

29.7 

5.3 

21-.\eetoxv-pregnenolone 

8 

30.0 

270 

15.0 

20.9 

4.9 

Compound  k 

8 

20.0 

224 1 

13.7 

21. 3t 

3.5* 

('ompound  L 

10 

15.0 

251 

14.5 

20.0 

4.0* 

Compound  L 

7 

30.0 

247 

13.4 

18. 8t 

3.4* 

Controls 

7 

— 

209 

14.9 

31 .2 

5.0 

*  i)=  <0.01. 

1 1)=  <0.05. 
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Figurk  1  shows  ii  comparative  plot  of  the  %  1'“'  per  m^.  of  thyroid  per  100  grains  of 
body  weinht  (see  Table  2).  We  have  considered  the  control  value  for  each  experimental 
group  arbitrarily  as  100  and  plotted  the  experimental  groups  as  a  i)ercentage  increase 
or  decrease  with  respect  to  their  controls.  The  center  line  indicates  the  control  value. 
Blocks  marked  with  diagonal  lines  received  the  high  carhohyflrate  diet.  Open  blocks  re¬ 
ceived  a  low  iodine  diet, 

*  Indicates  p  value  of  <0.05  as  shown  in  Table  2. 


EXPERIMENT.\L  RESULTS 

Tlie  effects  of  our  investigations  with  these  steroids  are  shown  in  Table 
2.  The  calculations  reported  are  body  weight  following  treatment,  thyroid 
weight,  per  cent  uptake  of  1'=“  per  thyroid  gland,  and  the  per  cent  uptake 
of  1'*'  per  ing.  of  thyroid  per  100  grams  of  body  weight.  These  results 
represent  the  average  for  each  group  of  animals.*  The  “p”  values  reported 
in  Table  2  were  obtained  using  the  method  of  Fisher  (1041). 

*  Studies  of  the  steroid  effect  on  adrenal  and  lymphoid  tissue  of  these  animals  will  be 
reported  in  a  subserjuent  publication.  Biochemical  studies  done  on  blood  and  other  tis¬ 
sues  of  some  of  these  animals  will  be  reported  in  a  future  publication  by  Dr.  Oscar  Bodan- 
sky  of  The  Memorial  (’enter. 
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Figure  1  is  a  comparative  plot  of  the  %  per  mg.  of  thyroid  per  100 
grams  of  body  weight  (from  Table  2).  We  have  considered  the  control 
value  for  each  experimental  group  arbitrarily  as  100  and  plotted  the  experi¬ 
mental  groups  as  a  percentage  increase  or  decrease  with  respect  to  their 
conti’ols.  This  makes  possible  a  comparison  of  different  experimental 
groups  done  at  different  times. 

I.  The  effect  of  various  steroids  on  body  weight 

ACTH,  Cortisone  and  Compound  A  all  produced  a  marked  loss  in  body 
weight  of  the  rats  in  the  doses  used.  It  is  interesting  that  these  compounds 
when  tested  on  seven  different  groups  of  animals  produced  roughly  the 
same  loss  in  body  weight. 

In  the  doses  we  have  used  Diethylstilbestrol,  Oestriol,  and  Estradiol 
all  significantly  decreased  body  weight. 

Of  the  compounds  tested  only  three  produced  significant  increases  in 
body  weight.  These  were  21-Acetoxy-pregnenolone,  Pregnenolone  and 
Desoxycorticosterone.  The  average  increase  in  body  weight  was,  however, 
only  about  20  grams  greater  than  the  controls  ov^er  the  period  of  the  experi¬ 
ment. 

II.  The  effect  of  these  compounds  on  thyroid  weight 

On  the  basis  of  absolute  thyroid  weight  many  of  the  steroids  appear  to 
either  increase  or  decrease  the  mass  of  the  thyroid  gland.  ACTH,  Cortisone 
and  Compound  A  apparently  decreased  thyroid  weight,  but  the  loss  may 
only  be  a  reflection  of  decreased  body  size.  This  is  suggested  by  the  fact 
that  with  only  one  exception  the  thyroid-body  weight  ratios  are  not 
significantly  different  from  the  control  animals.  The  exception  is  the  ani¬ 
mals  which  received  5  mg.  daily  of  Cortisone.  With  these  rats  we  observed 
no  appreciable  loss  in  thyroid  weight  but  an  increased  thyroid-body 
weight  ratio. 

Compound  S  significantly  decreased  the  thyroid  weight  but  did  not  shift 
the  thyroid-body  weight  ratio.  Desoxycorticosterone  increased  thyroid 
weight  and  the  thyroid-body  weight  ratio.  Another  compound  which  in¬ 
duced  an  increase  in  thyroid  weight  but  not  the  thyroid-body  weight  ratio 
was  Dihydro  E  when  given  to  animals  on  a  low  iodine  diet. 

III.  The  coUection  of  by  thyroids  in  animals  treated  with  steroids 

A.  Compounds  which  produced  no  significant  change  in  uptake:  Of 
the  compounds  tested  (Table  2  and  Figure  1)  Cortisone  (2.5  mg.).  Adrenal 
extract.  Compound  S  and  Pregnene  17a  20/3,  21-Triol-3  one  20,  21, 
diacetate  produced  a  slight  but  insignificant  depression  of  the  I'®*  collected. 
On  the  other  hand,  21-Acetoxy-pregnenolone  (15  mg.),  Estradiol  (1  mg.) 
and  Compound  L  (low  iodine  intake)  and  Testosterone  slightly  increased 


June,  1951 


IODINE  UPTAKE  AND  STEROIDS 


687 


the  collection  of  These  increases  are,  however,  not  statistically  signifi¬ 
cant. 

In  Series  VI  where  the  animals  were  maintained  on  a  different  diet, 
neither  Dihydro  E  nor  21-Acetoxy-pregnenolone  produced  significant 
differences  in  I**‘  collection  when  the  results  were  compared  with  controls. 

B.  Compounds  which  decrease  concentration  in  the  thyroid:  Substances 
which  decrease  I*®‘  collected  by  the  thyroid  gland  may  do  so  by  either 
reducing  the  amount  of  iodine  localized  or  indirectly  by  producing  a  smaller 
gland.  It  is  possible  that  both  of  these  conditions  may  exist  with  steroid 
treatment  depending  on  the  compound  used. 

Compound  S  for  example  produced  an  apparent  decrease  in  the  per¬ 
centage  of  I^®^  found  in  the  thyroid.  As  can  be  seen  from  Table  2,  however, 
this  decrease  may  be  due  to  a  loss  in  thyroid  weight.  Neither  the  percentage 
of  I‘®‘  per  mg.  of  tissue,  nor  the  amount  of  iodine  collected  in  relation  to  the 
thyroid-body  weight  ratio  is  significantly  different  from  the  control  value. 

ACTH  on  the  other  hand  reduced  the  iodine  uptake  while  at  the  same 
time  depressing  markedly  the  thyroid  w'eight.  Here,  however,  since  the 
body  weight  was  lowered,  the  thyroid-body  weight  ratio  was  also  reduced. 

Cortisone  in  doses  of  5  mg.  and  10  mg.  depressed  iodine  pickup  by  the 
thyroid.  It  is  interesting  to  note  that  this  depression  was  greater  with  the 
diet  used  in  Series  VI  than  with  our  low  iodine  diet.  Compound  A  acted 
much  like  Cortisone  and  depressed  the  collection.  The  doses  used  of 
Compound  A  were,  however,  twice  the  maximum  amount  we  tested  of 
Cortisone. 

With  a  dose  of  15  mg.  of  Desoxycorticosterone  we  observed  a  definite 
decrease  in  the  capacity  of  the  thyroid  to  concentrate  radioactive  iodine. 

Our  results  with  Compound  L  showed  differences  between  tests  done 
when  the  animals  were  on  a  low  iodine  intake  and  rats  on  our  high  carbo¬ 
hydrate  diet.  In  Series  VI  both  15  mg.  and  30  mg.  of  Compound  L  produced 
a  definite  decrease  in  iodine  collection.  Compound  L  given  to  animals 
on  our  low  iodine  diet  seemed  to  slightly  increase  (with  30  mg.)  and  pro¬ 
duce  a  greater  increase  (with  1 5  mg.)  in  the  collection  of  l‘®b 

Pregnenolone  in  a  dose  of  15  mg.  produced  a  decrease  in  the  pickup  of 
I^®‘  in  animals  on  our  low  iodine  diet.  A  30  mg.  dose  of  this  compound  how¬ 
ever,  increased  the  P®^  collection. 

The  gonadal  type  of  steroids.  Estradiol  benzoate  (50  /x),  Oestriol,  and 
Diethylstilbestrol  all  decreased  the  amount  of  iodine  collected  by  the 
thyroid  gland. 

C.  Compounds  which  increased  iodine  collection:  Dihydro  E  produced  a 
definite  increase  in  P®^  uptake  in  animals  maintained  on  our  low  iodine 
diet.  The  rats  in  Series  VI  showed  a  slight  lowering  of  I‘®^  collection  in 
comparison  to  the  controls.  In  a  dose  of  30  mg.  21-Acetoxy-pregnenolone 
(on  the  low  iodine  diet)  significantly  increased  the  uptake  of  P®b  Although 
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15  mg.  of  this  compound  appeared  to  raise  the  amount  of  iodine  collected 
the  increase  is  not  statistically  significant.  When  we  tested  30  mg.  of  21- 
.\cetoxy-pregnenolone  on  the  high  carbohydrate  diet,  we  found  a  slight 
decrease  in  iodine  uptake. 

Pregnenolone,  as  mentioned  al)ove,  in  a  dose  of  30  mg.  increased  P®* 
collection  whereas  15  mg.  appeared  to  depress  pickup. 

Compound  L  in  a  dose  of  15  mg.  increased  the  P®‘  collection  while  with 
a  higher  dose  the  uptake,  although  above  the  control  value,  is  only  slightly 
so. 

The  gonadal  steroids  which  produced  an  increase  in  the  amount  of 
collected  were  Progesterone,  Testosterone  propionate  and  Estrone.  Those 
compounds  in  the  doses  tested  all  increased  iodine  collection  to  a  signifi¬ 
cant  degree. 

DISCUSSION 

It  was  indicated  earlier  that  gonadal  or  adrenal  steroids  might  be  in¬ 
volved  in  control  of  normal  thyroid  function.  This  report  is  an  attempt  to 
determine  the  effects  of  various  steroids  on  the  thyroid.  Until  such  time 
as  all  the  apparent  adrenal  and  modified  gonadal  steroids  are  examined 
in  similar  studies  it  will  be  difficult  to  determine  the  exact  role  they  play 
in  control  of  the  thyroid  gland.  The  observations  we  have  made,  however, 
deserve  further  consideration. 

Of  the  steroids  biologically  similar  to  those  of  gonadal  origin  all  except 
Testosterone  and  Estradiol  benzoate  (in  a  dose  of  1  mg.)  produced  a  signifi¬ 
cant  difference  in  iodine  uptake.  Progesterone,  Testosterone  propionate. 
Estrone  and  Pregnenolone  (30  mg.)  all  increased  iodine  pickup  over  the 
control  values.  E.stradiol  (50  m),  Oestriol,  Diethylstilbestrol  and  Pregnen¬ 
olone  (15  mg.)  decreased  the  collection  of  Whether  the  reversal  of 
respon.se  found  with  the  two  doses  of  Pregnenolone  is  significant  from  a 
biological  standpoint  is  not  known.  The  re.sults  obtained  with  21-Acetoxy- 
pregnenolone  are  also  somewhat  difficult  to  interpret.  We  found  that  15 
mg.  produced  a  slight  increased  uptake,  whereas  30  mg.  definitely  increased 
psi  collection  in  animals  receiving  a  low  iodine  diet.  With  the  latter  dose 
(on  the  high  energy  diet),  we  observed  an  apparent  depression  of  U®' 
concentration,  although  the  results  are  not  statistically  significant. 

In  an  earlier  publication  (1950)  we  reported  no  effect  on  P®*  uptake  in 
animals  treated  with  1  mg.  daily  of  Estradiol.  The.se  results  were  in  agree¬ 
ment  with  those  of  Paschkis,  Cantarow,  and  Peacock  (1948)  who  found  no 
significant  difference  in  uptake  of  U®‘  in  rats  treated  with  50  gamma  of 
E.stradiol  benzoate  for  1,  3U  and  4  weeks.  However,  when  we  treated  our 
animals  with  50  n  of  Estradiol  daily,  we  found  a  definite  depression  of  io¬ 
dine  collection.  This  discrepancy  may  well  be  due  to  other  possible  vari¬ 
ables  between  our  studies  and  those  of  Paschkis  et  al. 
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ACTH,  Compound  A,  Compound  L,  Desoxycorticosterone,  Diliydro 
K  and  Cortisone  were  all  found  to  alter  P''”  coneentration  of  the  thyroid. 
ACTH,  Cortisone,  (■ompound  A  and  Desoxyeortieosterone  decreased 
iodine  collection.  However,  no  sip;nificant  decrease  was  found  with  2.') 
niK.  of  ('ortisone.  The  other  compounds  were  not  tested  for  the  minimal 
effective  dose  to  produce  depre.ssion  of  iodine  uptake. 

Compound  L  in  a  15  mg.  dose  increased  uptake  on  the  low  iodine 
diet,  whereas  30  mg.  produced  no  significant  effect.  Both  of  these  doses 
with  the  high  carbohydrate  diet  decreased  iodine  collection.  Dihydro  E 
when  administered  to  animals  on  a  low  iodine  intake  increased  the  collec¬ 
tion  of  P*‘.  The  high  carbohydrate  diet  with  the  same  dose  of  Dihydro  E 
reversed  the  response  but  not  to  a  significant  degree. 

It  is  possible  that  certain  of  the  differences  we  have  found  with  the  same 
compound  are  due  to  changes  in  dosage.  It  may  well  be  that  a  low  dose 
will  produce  an  effect  in  one  direction  while  a  high  dose  will  reverse  the 
respon.se.  This  throws  little  light,  however,  on  the  differences  we  have 
observed  between  animals  on  the  low  iodine  diet  and  those  on  the  high 
energy  diet. 

Examination  of  Figure  1  will  show  that  the  iodine  collected  by  the  thy¬ 
roids  was  changed  by  maintaining  animals  on  the  high  carbohydrate  diet. 
This  diet  appears  to  contain  some  factor  or  factors  which  in  conjunction 
with  the  steroids  depresses  P®'  collection.  Moreover,  when  the  steroid  nor¬ 
mally  produced  a  decreased  pickup  of  P**  this  diet  augmented  the  effect 
of  the  compound.  For  example  with  Cortisone  in  a  dose  of  10  mg.  plus 
the  high  energy  diet  the  P*‘  depre.ssion  was  about  double  that  observed 
with  animals  on  the  low’  iodine  intake. 

The  same  was  seen  with  Compound  A.  On  the  other  hand,  21-Acetoxy- 
pregnenolone  in  a  dose  of  30  mg.  gave  an  increased  uptake  of  P*‘  in  animals 
on  our  low’  iodine  diet.  With  the  diet  in  Series  VI  and  the  same  dose  of 
steroid  the  iodine  collection  was  reduced  in  comparison  to  the  controls. 
The  .same  e.s.sential  picture  was  found  with  Compound  L,  and  Dihydro  E. 
Thus  it  would  appear  that  something  in  this  diet  has  the  ability  to  alter  the 
psi  collection.  We  are  investigating  further  the  influence  of  diet  on  P^' 
collection  and  utilization. 

We  have  considered  the  pos.sibility  that  these  compounds  may  produce 
an  alarm  type  of  reaction  and  consequently  change  the  ability  of  the  thy¬ 
roid  to  concentrate  P®b  We  have  found,  however,  that  the  basic  property 
of  the  thyroid  to  collect  iodine  is  difficult  to  alter  under  the  conditions  u.sed 
in  this  report.  With  the  exception  of  the  thyroid  stimulating  hormone  and 
the  anti-thyroid  drugs  few  substances  greatly  change  the  amount  of  P** 
which  the  thyroid  will  accumulate.  We  have  unpublished  data  which  shows 
that  a  non-specific  .substance  such  as  formalin  when  given  under  the  same 
conditions  as  our  steroids  must  be  giv’en  in  a  LD50  do.se  before  the  P** 
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uptake  is  significantly  changed.  Therefore,  it  would  seem  that  the  responses 
we  have  obtained  with  the  various  steroids  are  probably  valid  and  repre¬ 
sent  an  effect  of  the  administered  compounds. 

At  the  present  time  the  mechanism  of  how  steroids  influence  iodine  col¬ 
lection  by  the  thyroid  is  unknown.  It  is  apparent  that  they  may  have  a 
direct  effect  on  the  thyroid,  or  act  vda  the  anterior  pituitary.  On  the  other 
hand,  it  is  well  known  that  any  change  in  renal  excretion  of  iodine  will 
affect  the  concentration  in  the  thyroid.  Therefore,  it  is  quite  possible  that 
some  of  the  results  we  have  obtained  can  be  explained  on  the  basis  of 
steroid  effects  on  water  and  salt  metabolism. 

However,  the  exact  mechanism  of  steroid  action,  the  response  of  other 
steroids  and  the  relation  of  chemical  structure  to  biological  effect  remain 
for  further  study. 

SUMMARY 

1.  The  effect  of  various  gonadal  and  adrenal  steroids  on  the  thyroid 
gland  has  been  investigated. 

2.  It  has  been  ob.serv^ed  that  ACTH  and  Cortisone  decreases  the  ac¬ 
cumulation  of  by  the  thyroid.  Other  compounds  which  act  in  a  similar 
manner  are  Compound  A,  Desoxycorticosterone,  and  certain  estrogenic 
substances. 

3.  Testosterone,  Estrone,  Progesterone,  and  some  other  compounds 
appear  to  increase  the  collection  of  I’®‘  by  the  thyroid. 

4.  Dietary  differences  apparently  may  reverse  the  effect  produced  by 
steroid  treatment  or  may  augment  the  response. 
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INFLUENCE  OF  STRESS  STIMULI  ON  LYMPHATIC 
TISSUE  OF  ADRENALECTOMIZED  MICE  • 

THOMAS  F.  DOUGHERTY  and  L.  F.  KUMAGAI 

From  the  Department  of  Anatomy,  University  of  Utah  College 
Medicine,  Salt  Lake  City  1,  Utah 

INTRODUCTION 

There  is  ample  verification  that  the  acute  involution  of  lymphatic 
tissue  associated  with  most  stresses  is  a  result  of  increased  secretions 
of  adrenal  cortical  hormones  caused  by  stress  stimuli  (Dougherty  and 
White,  1944,  1945,  1947;  Yoffey  and  Baxter,  1946;  Ingle,  1950;  Yoffey, 
1950).  However,  it  should  be  considered  that  stresses  (defined  here  as 
stimuli  which  activate  the  mechanisms  resulting  in  increased  adrenocorti¬ 
cal  secretion)  might  also  alter  lymphatic  tissue  by  mechanisms  other  than 
mediated  by  adrenocortical  hormones.  Responses  of  lymphatic  tissue  to 
such  an-adrenocortical  influences  of  stress  stimuli  would  be  obscured  in 
intact  animals  by  the  lymphocytolytic  effect  of  the  stress-produced  adreno¬ 
cortical  hormone  output.  Therefore,  the  occurrence  of  an-adrenocortical 
responses  in  the  complex  of  lymphatic  tissue  stress  reactions  can  only  be 
determined  in  animals  deprived  of  their  adrenal  cortex.  Accordingly,  vari¬ 
ous  reactions  of  lymphatic  tissue  were  studied  in  adrenalectomized  mice 
subjected  to  different  stress  stimuli  (fasting,  histamine  and  anaphylactic 
shock)  which  were  previously  shown  to  produce  acute  lymphatic  tissue 
involution  in  intact  animals  (White  and  Dougherty,  1947;  Dougherty  and 
White,  1947;  Dougherty  1950). 

MATERIALS  AND  METHODS 

Six  hundred  and  forty-five  CBA  mice  of  both  sexes  between  12  and  16  weeks  of  a^e 
were  used  in  these  studies.  With  the  excej)tion  of  the  fasted  group,  the  animals  were  fed 
ad  libitum  on  dog  chow  (Purina),  supplemented  with  calf  meal  (Larro)  before  and  during 
the  experimental  periods.  Animals  were  maintained  in  quarters  kept  at  a  constant  tem¬ 
perature.  The  mice  subjected  to  fasting  were  kept  in  individual  containers  with  screen 
bottoms  to  prevent  coprophagy  and  received  w'ater  ad  libitum. 

Tail  vein  blood  was  used  for  all  counts.  Differential  counts  were  performed  on  blood 
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films  stained  with  May-Griinwald-Giemsa,  at  least  200  cells  being  differentially  counted 
in  each  film.  Lymph  node  weights  from  each  animal  were  obtained  from  weighing  the 
totality  of  inguinal,  axillary  and  mesenteric  lymph  nodes.  Weights  of  thymus  and  spleen 
were  determined  separately.  The  organs  were  fixed  in  Zenker’s  solution  and  stained  with 
hematoxylin-eosin  or  methyl  green  pyronin  for  histological  study. 

Bilateral  adrenalectomy  was  performed  by  the  usual  irosterior  approach.  When  ani¬ 
mals  were  also  splenectomized,  both  extirpations  were  made  at  the  same  time. 


Table  1.  .\lteration’.s  in  leicocyte  valves  following  adrenalectomy  alone  and 

SI  BJECTION  OF  ADREN ALECTOMIZED  ANIMALS  TO  STRE.SS  STIMVLI 


Ci  roups  and 
treat  ment 

Number 

of 

animals 

Hours 

after 

adrenal¬ 

ectomy 

W.B  C  , 
thousandths 
per  cmni.* 

Poly- 

morphonuclears. 
thousandths 
per  cinm.* 

I.,ymphocytes» 
tnousandths 
per  cmm.* 

Kosinophils, 
per  cmm.* 

Mtan  S.K. 

Mean  S.K. 

Mean  S.K. 

Mean  S.K. 

Intact  controls 

150 

0 

12. .5810. 27 

3.8710.12 

8.6010.23 

1171  8 

.Adrenalectomiied 

11 

1 

12.92±0.32 

7.4710.80 

5. .54  ±0.51 

321  8 

non-stressed  controls 

7 

2 

10.66±  1 .54 

3.7810.89 

6.8611.26 

131  13 

11 

3 

11.21±1.41 

3.6610.82 

7. 55  ±0.74 

0 

12 

4 

15.22±1.32 

4. ,5410. 57 

10.6210.90 

551  25 

7 

5 

11.02±1..>» 

2.0610.45 

8.881 1.41 

261  18 

11 

6 

11. 87  ±1.02 

4.2910.72 

7. .5710. .55 

141  10 

7 

7 

11.30±1.08 

2.2210.27 

9.0;i±  1.14 

511  28 

7 

8 

10.70±0.«4 

3.3210.68 

7.3.310.8.5 

521  27 

1.3 

12 

12.a5±0.60 

4.3810.48 

8. 3910. .52 

671  25 

16 

24 

23.15±3.2tt 

7.0611.31 

15.9512.04 

1171  41 

10 

48 

17.98+  1  ..55 

3.4310.9.3 

14.491  1 .14 

631  27 

10 

90 

I9.28±  1 .48 

.3.7810.46 

15.2711.42 

2421  69 

10 

144 

22.0411.21 

7.1210.78 

14. .56  ±0.87 

.3.571  .52 

Intact  fasted  48  hours 

lU 

0 

13.9410.87 

8.5510.79 

5.3610.19 

341  14 

Adrenalectoiiiised  fasted* 

5 

1 

22.4511.49 

14.2311.60 

8.221 1.64 

411  41 

10 

2 

20.1710.68 

8. .3811. 11 

11.7611.46 

221  22 

5 

3 

20. .57  ±1.31 

7.651 1.19 

12.7210.78 

18:31 1.36 

4 

21.8211.91 

.3.3010.77 

18.4811.80 

441  43 

14 

6 

21.5111.89 

6.1910.92 

14.3814.24 

299  1  69 

5 

8 

26.681 1 .93 

4.8810.44 

21 .601 1 .72 

1871  76 

» 

12 

23.53  1  2.47 

3.9910.81 

19.61  ±2.05 

151  15 

« 

24 

17.1411.95 

2.2910.42 

14. 8312. .32 

281  19 

13 

48 

24.05  1  7.06 

6.931 1.19 

17.0813.60 

431  29 

Adrenalectoinised  inven  750 

» 

4 

22.6911.98 

10.7711.4.3 

11.6911.68 

2.341  4.5 

ing./kg.  histamine  sub- 

8 

8 

26.66  1  3.49 

12.1211.23 

14.21  ±2. .52 

.3281  74 

cutaneously 

7 

12 

37.4914.95 

13.01  ±2. .56 

24. 2413. .59 

1601  64 

7 

24 

22.1612.70 

5. .5910. 94 

16.41 1 1 .91 

155 ±  46 

Adrenalectoniiied 

26 

4 

20.2411.26 

7.6810.81 

12.4210.72 

1401  .36 

anaphylaxis 

2.> 

8 

44.9813.64 

17.8111.25 

26.7512.02 

446  1  9.5 

0 

12 

:«). 821 1.81 

11.1911.88 

19.4712.02 

1601  71 

Adrenalectomiied  splenet- 

10 

4 

.34.6313.44 

15.8912.28 

18. .551 1 .92 

181  1  63 

toniised  anaphylaxis 

0 

8 

34.8714.15 

17.4612.79 

17.191 1.98 

2181  93 

*  AdrenalertonuK'd  after  having  been  fasted  for  48  hours. 


Two  groups  of  animals  served  as  controls.  The  first  group  consisted  of  non-treated 
intact  mice.  Control  values  for  total  and  differential  leucocyte  counts  were  e.stablished  in 
150  non-treated  intact  CBA  mice.  Lymphatic  organ  weights  were  determined  on  other 
intact  mice  of  the  same  age.  The  second  control  group  was  made  up  of  non-stressed 
adrenalectomized  mice  of  the  same  age  and  sex  as  those  used  in  the  stress  experiments, 
licucocyte  values  and  lymphatic  organ  weights  were  obtained  on  the.se  animals  at  vari¬ 
ous  intervals  after  adrenalectomy  as  specified  in  Tables  1  and  2.  In  a  third  group,  serving 
as  control  for  the  fasted  adrenalectomized  group,  intact  animals  were  subjected  to  star¬ 
vation. 

The  exiierimental  animals  consisted  of  adrenalectomized  mice  which  were  divided 
into  4  groups  according  to  the  tyjie  of  stress  stimulus  used.  The  first  group  comprised 
mice  subjected  to  fasting.  The  animals  were  fasted  for  a  48-hour  period  both  before  and 
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after  adrenalectomy.  A  second  group  of  mice  was  given  a  single  subcutaneous  dose  of  750 
mg./kg.  of  histamine  diphosphate  dissolved  in  0.25  cc.  of  i)hysiological  saline  2  hours 
after  adrenalectomy.  A  third  grouj)  of  animals  was  composed  of  mice  subjected  to  an¬ 
aphylaxis.  These  animals  were  sensitized  by  administration  of  1.2  cc.  of  horse  serum  21 
days  before  the  challenging  dose.  They  were  challenged  2  hours  after  adrenalectomy 
by  intravenous  administration  of  0.001  cc.  of  horse  serum  per  20  gm.  of  mouse.  This 
amount  of  antigen  had  been  established  previously  as  the  LDto.  The  last  group  of  experi¬ 
mental  animals  were  treated  exactly  as  the  previous  group  except  that  they  were  splenec- 
tomized  as  well  as  adrenalectomized. 

Blood  counts  were  [jerformed  on  the  experimental  animals  at  various  intervals  after 
stre.ss  (Tables  1  and  2).  The  weights  of  the  lymphatic  organs  of  mice  subjected  to  an- 
ai)hylaxis  were  obtained  4  and  H  hours  after  adrenalectomy. 


TaBI.K  2.  IXFI.rK.VC'E  OK  STRESS  STIMI  LI  ON  THE  WEIOHT  OK  I.YMCHATK'  OROANS  OK 
A  ORE  X  A  I,  ECTO  M IZE I)  A  X 1 M  A  I.S* 


Treatment 

Hours 

after 

adrenal¬ 

ectomy 

Number 

of 

animals 

Age 

in 

weeks 

Body 

weight 

Lymph 

node 

weights 

Bt 

values 

Booled^ 

Lymphatic 

organ 

weights 

B 

values 

Spletm 

B 

values 

gm. 

mg. 

mg. 

mg 

Intact  controls 

— 

24 

14 

21  .»±0.8 

184+11 

— 

3.50  ±  1 1 

— 

.330  ±  1.5 

— 

Adrenalectomized 

4 

8 

14 

23.8  +  0.8 

170+13 

>  .().■> 

329  +  22 

>0.5 

3.57+10 

>  .0.5 

non-St  ressed 

Adrenalectomi«‘d 

8 

8 

14 

21 .8  +  0.11 

203+  !l 

>.0') 

398  +  2.5 

>  .0.5 

342+10 

>0-) 

non-stressed 

Intact  cimtrols 

— 

2.'. 

It) 

22.4±0.f> 

100+  0 

322+  10 

.3I8±22 

— 

.Adrenalectomized 

4 

27 

10 

24.1  +0.8 

211+8 

<.01 

.380+12 

<.0I 

4.50  +  32 

<01 

anaphylaxis 

.Adrenalectomized 

anaphylaxis 

8 

27 

It) 

24. 3  ±0.0 

218+10 

<.01 

301  +  18 

>.0.5 

44 1  ±  20 

<.01 

*  Organ  weights 
and  standard  errors 

are  expie> 

4sed  ill  terms  of  KN) 

gm.  body  w< 

Mght  of  intact  controls  of  the  s: 

[iiiie  ag(‘. 

Values  are 

meat  .s 

t  !*  values  are  roiiiparisons  of  means  of  experimental  itroups  and  intact  controls  of  the  same  ane.  V'alues  <  .().'>  con¬ 
sidered  statistically  significant. 

t  Combined  weights  of  lymph  nodes  and  thymi. 


RESULTS 

Alterations  in  the  leucocyte  pattern  of  non-stressed  mice  following  adrenal¬ 
ectomy.  It  is  evident  from  the  data  shown  in  Table  1  that  there  was  no 
alteration  in  the  leucocyte  count  of  non-stressed  animals  following  adrenal¬ 
ectomy  until  the  24th  hour  at  which  time  a  .significant  leucocytosis  ap¬ 
peared.  After  this  time  a  leucocytosis  was  constantly  present  during  a 
subsequent  .5  day  period  of  study.  The  absolute  number  of  polymorpho- 
nuclears  did  not  follow  any  constant  trend  after  adrenalectomy.  Their 
number  was  significantly  increased  one  hour  after  operation  but  was  again 
within  normal  limits  in  most  of  the  later  samples.  The  absolute  number  of 
lymphocytes,  on  the  other  hand,  after  an  initial  drop  at  one  hour  rose 
sharply  at  24  hours  and  maintained  this  Jevel  for  the  remaining  period  of 
study  (fed  animals.  Fig.  1).  An  eo.sinopenia  which,  however,  was  not  signifi¬ 
cant  at  all  intervals,  was  present  in  the  period  between  1  and  12  hours 
after  operation. 

Effect  of  fasting  on  leucocytes  of  adrenalectomized  mice.  Intact  mice  fasted 
for  48  hours  had  normal  total  leucocyte  count,  polymorphonuclear  leuco- 
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cytosis,  eosinopenia  and  lymphopenia  (Table  1,  Fig.  1).  One  hour  after 
thfese  mice  were  adrenalectomized  the  total  leucocyte  count  increased  and 
this  leucocytosis  was  maintained  during  the  subsequent  period  of  study 
(Table  1).  The  absolute  number  of  polymorphonuclear  leucocytes  increased 
to  a  very  high  level  one  hour  following  adrenalectomy  but  returned  to  a 
normal  value  at  4  hours  and  thereafter  tended  to  remain  within  normal 
limits.  The  eosinopenia  of  the  pre-adrenalectomy  fasting  period  remained 


Fig.  1.  Comparison  of  numbers  of  lymphocytes  of  fasted  and  fed  mice  at  various  time 
intervals  after  adrenalectomy.  The  value  for  the  number  of  lymphocytes  plotted  at  zero 
time  for  fed  animals  was  determined  on  150  mice;  that  for  the  fasted  animals  on  19  mice 
starved  for  48  hours  prior  to  adrenalectomy. 

during  the  first  2  hours  following  adrenalectomy  after  which  time  the 
count  rose  toward  normal  values.  The  absolute  number  of  lymphocytes 
rose  to  normal  within  the  first  hour  and  continued  to  rise  until  a  high  peak 
was  reached  8  hours  after  adrenalectomy  (Fig.  1).  At  the  24th  hour  follow¬ 
ing  adrenalectomy,  the  number  of  lymphocytes  had  returned  to  the  moder¬ 
ately  increased  value  characteristic  for  non-fasted  adrenalectomized  mice. 

Effect  of  administration  of  histamine  on  leucocytes  of  adrenalectomized 
mice.  Within  2  hours  after  administration  of  histamine  (4  hours  after 
adrenalectomy)  the  total  leucocyte  count  was  almost  doubled  and  remained 
high  during  the  subsequent  24-hour  period  of  observation  (Table  1). 
An  absolute  increase  of  polymorphonuclears  and  eosinophils  was  observed 
at  4  hours  and  at  all  subsequent  sampling  times  (Table  1).  A  rise  in  the 
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number  of  lymphocytes  began  2  hours  after  administration  of  histamine 
(4  hours  after  operation),  became  statistically  significant  after  8  hours  and 
reached  its  peak  after  12  hours;  the  values  had  returned  after  24  hours  to 
the  number  found  in  non-stressed  adrenalectomized  mice  (Fig.  2).  A  similar 
rise  in  lymphocytes  was  observed  when  the  histamine  was  given  as  late  as 
6  days  after  adrenalectomy. 

Effect  of  anaphylactic  shock  on  leucocytes  and  lymphatic  organs  of  sensi- 


Hittamin* 
or  Shock 


HOURS  AFTER  ADRENALECTOMY 


dot* 


Fig.  2.  Comparison  of  lymphocyte  counts  of  adrenalectomized  and  adrenalectomized 
splenectomized  mice  subjected  to  sublethal  anaphylaxis  or  administration  of  histamine 
to  lymphocyte  counts  of  non-stressed  adrenalectomized  mice.  The  value  plotted  at  zero 
time  is  the  mean  number  of  lymphocytes  determined  on  150  CBA  mice  14  to  16  weeks 
of  age;  the  cross  hatched  area  represents  one  standard  deviation  from  this  mean.  The 
vertical  bars  indicate  the  standard  error  of  the  mean  value  at  each  time  interval. 


tized  adrenalectomized  mice.  The  alterations  in  the  total  leucocyte  count  of 
animals  subjected  to  anaphylactic  shock  were  more  pronounced  than  after 
the  other  stress  stimuli  (Table  1).  The  number  of  polymorphonuclear 
leucocytes  was  increased  after  4  hours  but  did  not  reach  its  peak  until  8 
hours  following  operation.  A  significant  eosinophilia  was  present  8  hours 
after  adrenalectomy.  The  number  of  lymphocytes  increased  precipitously 
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within  2  hours  after  administration  of  the  shock  dose  (4  hours  after  adrenal¬ 
ectomy)  and  reached  an  extremely  high  value  8  hours  following  adrenal¬ 
ectomy  trig.  2).  Twelve  hours  after  operation  (10  hours  after  anaphylactic 
shock)  the  lymphocytes  were  back  within  the  range  characteristically 
found  in  adrenalectomized  non-stressed  animals  after  24  hours. 

It  is  apparent  from  the  data  shown  in  Table  1  and  Fig.  2  that  the  absence 


Fig.  3.  Mesenteric  lymph  node  of  sensitized  intact  mouse  45  minutes  after  adminis¬ 
tration  of  challenging  dose  of  horse  serum.  Although  lymphocytolysis  is  extensive  there 
is  little  phagocytosis  of  the  nuclear  debris.  (X450). 

Fig.  4.  Thymus  of  sensitized  mouse  treated  as  in  Fig.  3.  Lymphocytolysis  and  edema 
are  found  throughout  the  cortex  (X900). 

Fig.  5.  Mesenteric  lymph  node  of  adrenalectomized  mouse  in  anaphylactic  shock  (45 
minutes  after  challenging  dose,  2  hours  and  45  minutes  after  adrenalectomy).  Lympho¬ 
cytolysis  is  absent.  Numerous  mitotic  figures  are  found  throughout  the  node.  (X450). 

Fig.  6.  Thymus  of  adrenalectomized  mouse  treated  as  in  Fig.  5.  There  is  a  comjilete 
absence  of  lymphocytolysis  and  edema.  Mitotic  figures  are  numerous.  (X450). 
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of  tlie  spleen  did  not  modify  the  general  trend  of  eiianges  in  leucocyte 
values  induced  l)y  anaphylactic  sliock  in  adrenalectomized  aninials.  Tlie 
total  leucocyte  count  and  the  absolute  numbers  of  polymorphonuclears 
and  lymphocytes  were  greater  at  4  hours  than  in  any  of  the  other  groups 
of  stressed  adrenalectomized  animals  (Tal)le2,  Fig.  2).  However,  the  num¬ 
ber  of  lymphocytes  in  tliis  group  of  animals  did  not  continue  to  increase 
after  the  4th  hour  as  it  did  in  tlie  non-splenectomized  mice.  Tlie  number 
of  eosinophils  did  not  vary  .significantly  from  that  found  in  intact  mice. 

The  lymphatic  organs  and  spleens  of  non-stre.ssed  adrenalectomized 
mice  did  not  change  in  weight  during  the  period  of  ob.servation  (Table  2). 
However,  adrenalectomized  animals  subjected  to  anaphylactic  shock  had 
significantly  greater  lymph  nodes  and  pooled  lymphatic  organ  weights 
2  hours  after  administration  of  the  challenging  dose  of  antigen  (4  hours  after 
adrenalectomy).  The  lymph  nodes  were  still  significantly  larger  after  the 
8th  hour  but  the  thymi  were  smaller  than  those  of  intact  controls.  This 
decrease  in  thymus  weight  accounts  for  the  decrease  in  weight  of  the  pooled 
lymphatic  organs  .seen  at  8  hours.  The  spleens  of  the.se  mice  weighed  more 
at  both  4  and  8  hours  than  those  of  non-stre.s.sed  adrenalectomized  animals 
(Table  2). 

Morphological  alterations  in  the  lymphatic  organs  of  both  sensitized 
intact  and  adrenalectomized  animals  subjected  to  anaphylactic  shock  were 
manifest  within  45  minutes  after  admini.stration  of  the  challenging  dose. 
Extensive  lymphocytolysis  took  place  in  lymph  nodes,  spleens  and  thymi 
of  the  sensitized  intact  mice  (Figs.  3  and  4).  The  lymphatic  organs  of  the 
challenged  sensitized  mice  failed  to  exhibit  lymphocytolysis.  An  increased 
number  of  lymphocytes  in  mitosis  was  observed  in  these  animals  (Figs. 
5  and  6).  Similar  findings  were  observed  in  adrenalectomized  fasted  groups 
of  animals  (data  to  be  published  elsewhere). 

DISCUSSION 

An  analy.sis  of  the  re.sults  reveals  that  the  increase  in  total  leucocyte 
count  of  non-stressed  adrenalectomized  animals  seen  24  hours  after  opera¬ 
tion  was  due  to  the  ab.solute  increa.se  in  the  number  of  lymphocytes.  The 
transient  polymorphonuclear  leucocytosis,  lymphopenia  and  eosinopenia 
which  occurred  one  hour  after  adrenalectomy  are  to  be  attributed  to  the 
stress  of  the  operative  procedure.  The  fact  that  the  number  of  blood  lym¬ 
phocytes  did  not  increase  continuously  but  remained  at  the  level  found 
24  hours  after  adrenalectomy  suggests  that  there  are  mechanisms  otlier 
than  those  mediated  by  secretions  of  the  adrenal  cortex  which  regulate 
proliferation  of  lymphocytes. 

The  stress  stimuli  employed  in  this  study  modified  the  time  of  appear¬ 
ance  and  the  extent  of  the  alterations  which  occur  in  lymphatic  tissue  as 
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a  result  of  adrenalectomy.  The  lympliocytosis  was  greater  in  animals  sub¬ 
jected  to  stress  stimuli,  appeared  earlier,  rose  to  higher  levels  and  returned 
24  hours  after  operation  to  the  level  characteristic  of  non-stressed  adrenal- 
ectomized  animals.  This  lymphocytotic  response  is  an  inverse  image  of  the 
"lymphopenic  response”  (Dougherty  and  White,  1947),  induced  by  stress 
stimuli  in  intact  animals.  The  lymphatic  organs  of  animals  subjected  to 
anaphylaxis  increased  in  weight  more  rapidly  than  the  organs  of  non- 
stressed  adrenalectomized  animals.  The  thymi  of  these  stressed  animals, 
however,  after  an  initial  increase  declined  in  weight  so  that  6  hours  after 
anaphylactic  shock  they  were  smaller  than  those  of  intact  animals  of  the 
same  age. 

Histological  examination  of  the  lymphatic  organs  revealed  that  the 
lymphocytolysis  observed  in  intact  animals  subjected  to  anaphylaxis  was 
absent  in  the  lymphatic  organs  of  the  stressed  adrenalectomized  animals. 
That  the  number  of  mitotic  figures  in  the  lymphatic  organs  is  higher  in 
stressed  than  in  non-stressed  animals  indicates  that  the  rate  of  lympho- 
cytopoiesis  is  enhanced  after  stress. 

From  the  above  findings  it  is  thus  apparent  that  all  the  different  stress 
stimuli  employed  in  this  study  are  capable  of  producing  reactions  in  lym¬ 
phatic  tissue  which  are  not  mediated  by  adrenal  cortical  hormones.  The 
major  stress  response  in  the  absence  of  the  adrenal  is  a  greater  and  more 
rapid  increase  in  the  amount  of  lymphatic  tissue  than  occurs  in  non-stressed 
adrenalectomized  animals.  That  the  evacuation  of  lymphocytes  from  the 
spleen  plays  no  major  role  in  these  stress  responses  is  further  indicated  by 
the  observations  that  lymphocytosis  occurred  in  splenectomized  adrenalec¬ 
tomized  animals  in  anaphylaxis  and  that  in  non-splenectomized  animals 
the  spleen  weight  increased  rather  than  decreased. 

Major  attention,  therefore,  in  the  search  for  an  explanation  of  the 
an-adrenocortical  stress  response  is  directed  to  the  enhanced  lymphocyto- 
poiesis  here  demonstrated.  The  lymphatic  tissue  proliferation  is  due  to  as 
yet  unknown  factors.  Their  influence  may  be  actively  augmented  by  stress 
stimuli  or  the  stress  stimuli  may  permit  them  more  unrestrained  action 
by  removing  antagonistic  growth  inhibiting  influences.  An  analysis  of 
these  factors  involved  in  lymphopoiesis  may  open  up  a  deeper  under¬ 
standing  of  lymphatic  tissue  function  as  well  as  the  exploration  of  the 
special  phenomenon  reported  here. 

SUMMARY 

Time  relationship  and  extent  of  alterations  in  lymphatic  organ  size  and 
circulating  lymphocytes  were  compared  in  stressed  and  non-stressed 
adrenalectomized  CBA  mice.  Stress  stimuli  were  starvation,  histamine  and 
anaphylaxis.  Animals  stressed  2  hours  after  adrenalectomy  had  a  signifi- 
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cant  lymphocytosis  2  hours  later,  which  rose  to  enormous  levels  at  8  and 
12  hours  and  returned  to  the  level  found  in  adrenalectomized  non-stressed 
animals  at  24  hours.  This  “lymphocytotic  response”  is  an  inverse  image  of 
the  lymphopenic  response  of  intact  animals.  After  adrenlectomy,  lym¬ 
phatic  organs  of  mice  in  sublethal  anaphylaxis  were  significantly  larger 
than  those  of  non-stressed  animals  at  comparable  time  intervals.  Lympho¬ 
cytosis  of  stress  occurred  also  in  splenectomized  adrenalectomized  mice 
and,  hence,  was  not  due  to  evacuation  of  lymphocytes  from  the  splenic 
reservoir. 

The  observations  show  that  adrenalectomy  exposed  heretofore  unknown 
stress  effects  which  are  not  mediated  by  adrenocortical  hormone.  These 
influences  are  compatible  with  the  concept  that  the  stimulus  of  stress  not 
only  augpients  pituitary  adrenocortical  secretion  which  inhibits  lympliatic 
tissue  growth,  but  also  augments,  directly  or  indirectly,  lymphatic  tissue 
growth  promoting  influences  unrelated  to  adrenocortical  secretion. 
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STEADY  STATE  OF  THE  THYROIDAL  IODINE 


.1.  DOUCIHERTY,  J.  GROSS*  and  C.  P.  LEBLOND 

Department  of  Anatom  If,  McGill  I’nirersity,  Montreal,  Canada 

Findings  of  tracer  work  in  biology  are  generally  interpreted  on  the 
assumption  that  a  “steady  state”  of  the  chemical  processes  in  organs 
and  tissues  exists.  An  organ  or  tissue  is  said  to  be  in  a  “steady  state”  with 
respect  to  one  particular  substance  or  metabolite  when  the  amount  of  this 
substance  or  metabolite  remains  constant  and,  therefore,  its  rate  of  appear¬ 
ance  in  the  organ  or  tissue  is  equal  to  its  rate  of  disappearance.  Thus,  work 
with  radio-iodine  is  generally  interpreted  on  the  assumption  that  the  entry 
of  iodine  into  the  thyroid  gland  and  its  release  as  hormonal  iodine  take 
place  at  the  same  rate.  The  iodine  content  of  the  gland  would  thus  remain 
unchanged.  However,  such  a  “steady  state”  of  the  thyroidal  iodine  has 
never  been  demonstrated. 

An  example  will  illustrate  the  importance  of  knowing  whether  or  not  the 
thyroid  gland  is  in  such  a  “steady  state.”  Radioautographs  of  rat  thyroids 
one  hour  after  injection  of  radio-iodine  showed  the  presence  of  labeled 
thyroglobulin  in  the  apex  of  the  thyroid  cells,  while  24  hours  after  injection 
the  labeled  thyroglobulin  was  chiefly  in  the  colloid  (Leblond  and  Gross, 
1948).  On  the  assumption  of  a  “steady  state”  it  could  be  concluded  from 
the  above  observations  that  each  thyroid  cell  was  at  all  times  synthesizing 
some  thyroglobulin  and  excreting  some  into  the  colloid.  The  results 
showed  that  at  the  time  of  observation,  there  was  no  excretion  of  thyro¬ 
globulin  in  the  reverse  direction,  i.e.,  into  the  circulation.  If,  on  the  other 
hand,  there  is  no  “steady  state,”  the  cells  might  at  times  stop  functioning 
or  excrete  directly  into  the  circulation,  in  which  case  the  thyroid  activity 
would  be  cyclic.  It  is,  therefore,  apparent  that  the  above  experiment 
would  lend  itself  to  a  far  broader  interpretation  if  a  “steady  state”  of 
thyroidal  iodine  could  be  demonstrated.  In  other  problems,  such  as 
the  calculation  of  the  turnover  rates  of  the  various  chemical  components 
of  the  thyroid  gland,  the  available  method  (Zilversmit  et  al.,  1947)  requires 
the  existence  of  a  “steady  state,”  and  no  conclusions  at  all  can  be  reached 
in  its  absence. 

The  present  paper  is  an  attempt  to  demonstrate  the  existence  of  a 
“steady  state”  of  thyroidal  iodine.  It  was  decided  to  examine  this  problem 
by  investigating  the  iodine  metabolism  of  the  thyroid  at  frequent  intervals 
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over  a  24-liour  period.  Eacli  such  period  includes  physiological  changes  due 
to  the  intake  of  food  at  definite  times  and  to  the  sequence  of  rest  and  wake¬ 
fulness.  If  a  “steady  state”  were  to  exist  over  that  time,  it  would  be  likely 
to  extend  to  successive,  similar  24-hour  periods. 

To  establish  that  the  thyroidal  iodine  is  in  a  “steady  state”  over  a  24- 
hour  period,  the  first  step  was  to  demonstrate  that  the  iodine  content  did 
not  change  in  that  time  interval.  However,  this  method  did  not  provide  a 
sensitive  index  of  fluctuations  occurring  over  short  periods  of  time  nor 
could  important  changes  in  the  chemical  nature  of  iodine  be  detected. 

It  was,  therefore,  necessary  to  investigate  several  of  the  phases  of  thy¬ 
roid  activity.  Three  problems  were  considered.  Firstly,  are  the  thyroid 
activities  performed  continuously  or  intermittently?  Secondly,  do  some  of 
the  activities  (e.g.  iodine  fixation)  alternate  with  others  (e.g.  release  of 
iodine  products)?  And  thirdly,  does  the  rate  at  which  each  or  all  such 
activities  proceed  vary  or  is  it  constant?  Two  thyroid  activities  were  investi¬ 
gated,  namely:  iodine  fixation  and  hormone  secretion  by  the  gland  as 
measured  by  the  protein  bound  iodine  of  the  plasma.  This  was  done  by 
working  at  six  equal  time  intervals  taken  throughout  a  24  hour  period. 

METHODS 

Methods  common  to  all  experiments 

Male  rats  were  used  to  avoid  j)ossil)le  variations  of  iodine  metabolism  due  to  estrus 
cycles.  The  animals  were  divided  into  groups  of  eight  or  nine  and  the  average  body 
w'eights  per  group  in  any  given  experiment  were  approximately  ecpial. 

Since  temperature  and  light  variations  have  been  shown  to  influence  the  diurnal  regu¬ 
lation  of  metabolic  activity  in  rats  (Browman,  1937,  1943),  constant  environmental 
conditions  were  maintained.  The  temperature  was  84°  F.  +4°,  and  the  lights  were  turned 
off  daily  at  8  p.m.  and  on  again  at  8  .\.m. 

The  diet  of  the  animals  varied.  In  Experiments  I-IV,  the  animals  received  a  low  iodine 
diet  supplying  1-2  ^g.  of  iodine  per  100  gm.  animal  per  day  (Remington  diet  342  with 
10%  brewer’s  yeast).  Before  experimentation  began  the  animals  were  kept  on  this  diet 
for  at  least  a  month.  This  diet  was  known  to  produce  some  degree  of  activation  of  the 
thyroid  gland  with  an  increased  uptake  of  radio-iodine  (Leblond  ami  Mann,  1942).  The 
reason  for  using  it  was  to  reduce  to  a  minimum  the  fluctuations  in  the  amount  of  circulat¬ 
ing  iodide,  w'hich  w^ere  found  to  be  rather  high  in  animals  fed  the  iodine-rich  commercial 
diets.  For  comparison,  however,  Experiment  V  was  carried  out  on  rats  fed  Purina  P’ox 
('how,  a  diet  supplying  an  adequate  amount  of  iodine  (.5-10  iodine  per  100  gm. 

animal  per  day). 

The  animals  were  given  radio-iodine  in  all  but  Experiment  I,  which  consisted  simply 
of  an  estimation  of  the  iodine  content  of  the  thyroids.  In  Experiments  II- V,  therefore, 
all  animals  received  an  injection  of  25  pc.  of  radio-iodine,  containing  an  amount  of  carrier 
iodine  which  varied  somewhat  from  experiment  to  experiment.  The  animals  w'ere  sacri¬ 
ficed  exactly  4  hours  after  this  injection,  except  in  h]xperiment  IV  in  which  they  w^ere 
.sacrificed  at  exactly  45  minutes.  The  times  of  the  sacrifice  w'ere  reported  in  the  Tables  as 
being  1  a.m.,  5  a.m.,  9  a.m.,  1  p.m.  and  5  p.m.,  w’ith  a  possible  variation  up  to  plus  or 
minus  a  half  hour. 
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One  tliyroid  lobe  was  homogenized  in  50  cc.  of  2N  NaOH  (except  in  Experiment  V 
in  which  the  two  lobes  were  used).  A  1  cc.  aliquot  was  plated,  dried  in  a  40°  C.  oven,  and 
counted  under  a  bell-shaped  Geiger  counter.  The  radioactivity  content  of  the  thyroid 
lobe  examined  was  reported  as  percentage  of  the  injecte<l  dose  (Tables  2,  3  and  4). 
To  facilitate  comparison  between  the  experiments  the  whole  thyntid  uptake  was  as- 
sessefl  by  doubling  the  figures  for  the  single  lobe  and  was  reported  as  such  in  Figures  1 
and  2.  The  other  thyroid  lobe  was  fixed  in  Bouin  for  histological  .sectioning.  Some 
of  the  sections  were  coated  with  medium  lantern  slide  emulsion  for  localization  of 
the  radio-element  by  the  radioautographic  technicjue  according  to  the  method  of  Be¬ 
langer  and  Ijchlond  (194(i)  as  modified  by  Leblond  et  al.  (1948). 

The  stomachs  of  the  animals  were  weighed  to  +  2  mg.  in  Experiments  II-V.  Since  the 
rat  stomach  was  shown  to  retain  food  for  over  4  hours  after  a  meal  (Laugier  and  Leblond, 
1943),  the  stomach  weights  gave  an  indication  of  the  food  eaten  during  the  period  of 
radio-iodine  administration,  and,  when  graphed,  revealed  the  diurnal  variations  in  food 
intake. 

Table  1.  Iodine  content  of  the  thyroids  of  rats  fed  a  low  iodine  diet  and 

SACRIFU’ED  AT  3  DIFFERENT  TIMES  OF  DAY 

(Experiment  I) 


Time  of  sacrifice 


Iodine  content  of 
thyroid  (jug.) 


1  P.M. 
5  P.M. 
9  A.M. 


0.39 

0.38 

0.50 


Statistical  analysis: 

The  Analysis  of  Variance  showed  no  significant  differences  between  the  iodine  content  of 
the  thyroids  at  these  three  different  times  of  the  daj'. 

In  all  experiments,  the  data  were  statistically  examined  by  means  of  analysis  of 
variance.  The  probability  value  (P)  was  expressed  as  %,  that  is,  the  percentage  of 
chances  that  the  observed  results  are  due  to  random  error. 

Methods  special  to  each  experiment 

Experiment  1.  This  experiment  consisted  of  estimating  the  iodine  content  of  the 
thyroid  gland  at  three  consecutive  times,  namely  1  p.m.,  5  p.m.  and  the  next  morning  at 
9  A.M.  Three  groups  of  nine  adult  male  rats  on  the  low  iodine  diet  w'ere  used.  The  body 
weights  varied  from  200-250  gm.  The  iodine  content  was  estimated  by  the  method  of 
Ghaney  (1940)  as  modified  in  this  laboratory  (Table  1). 

Experiment  II.  This  experiment  consisted  of  estimating  the  uptake  of  radio-iodine  by 
the  thyroid  gland  at  six  different  times  of  the  day  in  rats  on  the  low  iodine  diet.  The 
animals  weighed  from  104  to  116  gm.,  the  average  w'eights  of  the  groups  being  110  +  3 
gm.  The  25  pc.  of  radio-iodine  (supplied  as  carrier-free)  were  given  by  subcutaneous 
injection  (Table  2,  Figure  1.) 

Experiment  III.  This  experiment  was  similar  to  the  previous  one  but,  in  addition  to 
the  thyroid  uptake  of  radio-iodine,  the  amount  of  radioactivity  present  in  the  protein 
bound  iodine  of  jilasma  was  estimated,  as  well  as  the  excretion  of  radio-iodine  into 
stomach  and  urine. 

The  animals  weighed  from  150  to  200  gm.,  the  average  weights  of  the  groups  being 
180  +  7  gm.  The  do.se  of  radio-iodide  was  mixed  with  5  micrograms  of  non-radioactive 
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Table  2.  Uadio-iouine  content  ok  the  left  thyroid  lobe  ok  rats  on  low  iodine  diet 
SACRIFICED  AT  6  DIFFERENT  TIMES  OVER  A  24  HOl’R  PERIOD  AT  4  HOCRS  AFTER 
SVBC'CTANEOUS  INJECTION  OF  RADIO-IODINE 

(Experiment  II) 


Number  of 
grouj) 

Time  of 
injection 

Time  of 
autopsy 

Percentage  of  the  injected 
dose  of  radio-iodine  in 
the  left  thyroid  lobe 

Stomach 

weight 

(gms.) 

1 

1  P.M. 

5  P.M. 

4.!) 

0.91 

2 

5  P.M. 

!)  P..M. 

5.0 

2.07 

3 

!(  P.M. 

1  A.M. 

4.8 

2.11 

4 

1  A..M, 

5  A.M. 

4.0 

3.24 

5 

5  A.M. 

1)  A.M. 

0.0 

2.05 

t) 

((  A.M. 

1  P.M. 

0.0 

1.17 

Statistical  analysis: 

The  Analysis  of  Variance  shows  no  significant  differences  between  the  percentage  of  the 
injected  dose  of  radio-iodine  present  in  the  thyroid  at  the  various  time  intervals.  The  dif¬ 
ference  in  stomach  weights  between  any  two  groups  is  significant  (P<5%)  whenever  it  ex¬ 
ceeds  1.08  gm. 


iodide  per  animal  before  subcutaneous  injection.  The  purpose  of  the  addition  of  this 
carrier  iodide  was  to  raise  the  total  inorganic  plasma  iodide  to  a  sufficiently  large  level, 
so  that  the  small  amount  of  iodide  entering  the  circulation  from  the  food  was  negligible 
by  comparison,  i.e.  the  5  micrograms  would  overcome  the  po.ssibility  of  the  incoming 
food  iodide  (1-2  pg.  per  day)  .significant!}'  diluting  the  injected  radio-iodide.  Under  these 
conditions,  the  sjiecific  activity  of  the  plasma  iodide  available  to  the  thyroid  should  be 
similar  at  all  time  intervals  in  spite  of  the  variations  due  to  food  intake. 

After  sacrifice,  the  thyroid  was  examined  as  indicated. 

The  plasma  was  separated  into  an  inorganic  non-protein  bound  fraction  (NPHI)  and 
an  organic  protein  bound  fraction  (PBI).  The  sejiaration  was  done  by  precipitation  with 
a  double  volume  of  10%  trichloracetic  acid  containing  20  pg.  of  iodide  jier  cc.  The  mix¬ 
ture  was  shaken  for  2  minutes  and  centrifuged.  The  clear  supernatant  was  removed  and 


Table  3.  Radio-iodine  content  of  the  right  thyroid  lobe,  sto.mach,  i  rine  and  blood 

FRACTIONS  OF  RATS  ON  LOW  IODINE  DIET  SACRIFICED  AT  G  DIFFERENT  TIMES 
OVER  A  24-HOI  R  period  at  4  HOI  RS  AFTER  SCBCl  TANEOI  S 
INJECTION  OF  RADIO-IODINE 

(Experiment  III) 


Percentage  of  the  injected  dose 


Number 

1  line 

Time 

— 

- 

— 

- - 

Stomach 

of 

group 

of  in¬ 
jection 

of 

autojisy 

Right 

thvroid 

lobe 

Stom¬ 

ach 

Urine 

Total 

P.H.l. 

Total 
N.  P.H.l, 

Total 

jilasma 

weight 

(gms.) 

1 

1  P.M. 

5  P.M. 

19.8 

0.74 

12.5 

0.0070 

1  .00 

1  .73 

1  .05 

2 

5  P.M. 

9  P.M. 

17.7 

<  .Oi 

28.1 

0.0577 

1  .75 

1  .81 

2.93 

3 

9  P.M. 

1  A..M. 

20.1 

0.82 

37.2 

0.0820 

1  .04 

1  . 12 

3.23 

4 

1  A.,M. 

5  A.M. 

18.0 

0.07 

35.4 

0.0027 

0.871 

0.934 

3.40 

5 

5  A.M. 

9  A.M. 

18.5 

8.73 

17.4 

0.0700 

1  .04 

1  .71 

3.23 

0 

9  A.M. 

1  P.M. 

18.9 

0 . 50 

14.5 

0.0070 

1.74 

1  .81 

1 .80 

Statistical  analysis: 

The  .\nalysis  of  Variance  shows  no  significant  differences  between  the  jiercentagi'  of  the 
injected  dose  of  radio-iodine  present  in  the  thyroid,  stomach  or  total  P.H.l.  at  the  various 
time  intervals.  The  tlifference  in  stomach  weights  between  any  two  groups  is  significant 
(P  <5%)  whenever  it  exceeds  1.28  gm. 
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Table  4.  Radio-iodine  context  ok  the  right  thyroid  lobe,  stomach  and  blood 

KRACTIONS  OF  RATS  ON  LOW  IODINE  DIET  SACRIFICED  AT  THREE  DIFFERENT 
TIMES  OVER  A  24-HOCR  PERIOD  AT  45  MINI'TES  AFTER  INTRAPERITONEAL 
INJECTION  OF  RADIO-IODINE 


(Experiment  IV) 


XuinlK-r 

groui. 

Time  of 
autopsy 

Percentage  of  the  injected  dose 

Stomach 

weight 

(K>n) 

Right 

thyroid 

lobe 

Stom¬ 

ach 

Total 

P.B.I. 

Total 

X. P.B.I. 

Total 

plasma 

1  1  A.M. 

1  .45  A.M. 

3.5 

2.08 

0.129 

0.218 

0.351 

4.88 

2  9  A.M. 

9.45  A.M. 

3.8 

2.03 

0.145 

0.329 

0.474 

3.30 

3  5  P..U. 

5.45  P..M. 

3.8 

1  .40 

0.134 

0.333 

0.404 

2.21 

Statintical  analysis: 

The  Analysis  of  Variance  shows  no  siKiiiheant  differenees  between  the  percentage  of  the 
injected  dose  of  radio-iodine  present  in  the  thyroid,  stomach  or  total  P.B.I.  at  the  various 
time  intervals.  The  difference  in  stomach  weights  between  any  two  groups  is  significant 
(P<5%)  whenever  it  exceeds  1.40  gm. 


the  acid  precipitate  waslied  twice  with  an  equal  volume  of  5%  trichloracetic  acid  con¬ 
taining  10  /xg.  of  iodide  per  cc.  The  precipitate  was  then  dissolved  in  about  2-3  cc.  of 
().5N  XaOH.  The  material  was  again  precijiitated  and  washed  with  trichloracetic  acid. 
The  resulting  precipitate  was  dissolved  in  2  cc.  of  O.SX’^  XaOH  solution,  one  cc.  of  which 
(PBI)  was  plated,  dried  in  a  45°  C.  oven  and  counted  in  the  Geiger  counter.  Similarly 
1  cc.  of  combined  supernatant  and  washings  (XPBI)  was  plated,  dried  and  counted. 

The  excretion  of  B’*  into  the  urine  and  into  the  stomach  were  also  examined.  The 
urine  was  collected  in  large  enamel  trays  containing  2X  XaOH.  One  tray  was  placed 
under  each  cage  containing  three  animals  so  that  the  I'®'  collected  represented  the  total 
amount  present  in  the  urine  of  three  animals.  Each  stomach,  with  its  food  contents,  was 
weighed  and  homogenized  in  2X  XaOH,  and  a  suitable  aliquot  was  plated,  dried  and 
counted  with  the  Geiger  counter  (Table  3,  Figure  2). 


Table  5.  Radio-iodine  content  of  the  whole  thyroid,  stomach,  urine  and  blood 

FRACTIONS  OF  RATS  ON  A  NORMAL  IODINE  INTAKE  AT  6  DIFFERENT  TIMES  OVER  A 

24-hour  period  at  4  hours  after  subcutaneous  injection  of  RADIO-IODINE 


(Experiment  V) 


Percentage  of  the  injected  dose 


tier  of 
grou]) 

injection 

autopsy 

Whole 

thyroid 

X 

Urine 

Total  Total  Total 
P.B.I.  X.P.B.I.  plasma 

weight 

(gms.) 

1 

9  A.M. 

1  P.M. 

0.2 

15.9 

25.4 

0.1170 

2.25 

2.37 

2.28 

2 

1  P.M. 

5  P.M. 

4.4 

10.0 

19.5 

0.0958 

2.82 

2.92 

2.35 

3 

5  P.M. 

9  P.M. 

5.5 

11.0 

32.5 

0.0899 

2.43 

2.52 

2.05 

4 

9  P.M. 

1  A.M. 

3.0 

10.7 

32.0 

0.0705 

2.12 

2.19 

3.00 

5 

1  A.M. 

5  A.M. 

3.8 

11.9 

48.0 

0.0720 

1 .01 

1 .08 

5.15 

0 

5  A.M. 

9  A.M. 

5.2 

14.8 

44.9 

0.0710 

2.11 

2.18 

4.20 

Statistical  analysis: 

The  Analysis  of  Variance  shows  no  significant  differences  between  the  percentage  of  the 
injected  dose  of  radio-iodine  present  in  the  thyroid  at  the  various  time  intervals  (P>20%). 
The  difference  in  the  P.B.I.  radioactivity  between  any  two  groups  is  significant  (P<5%) 
whenever  it  exceeds  0.0322.  This  is  the  case  between  the  first  group  and  any  of  the  last 
three  groups.  The  differences  in  stomach  weights  between  any  two  groups  is  significant 
(P<5%)  whenever  it  exceeds  1.72  gm.  The  difference  in  the  radioactivity  of  the  stomach 
between  any  two  groups  is  significant  (P<5%)  whenever  it  exceeds  2.12. 
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Experiment  IV.  Since  in  Experiments  II  and  III,  the  animals  were  sacrificed  four 
liours  after  injection,  the  estimates  of  radioactivity  in  the  thyroid  and  blood  were  onlj' 
average  indices  of  possibly  varying  rates  of  function  within  that  time  interval.  The  possi¬ 
bility  of  variations  in  activity  within  such  intervals  was  examined  in  low  iodine  diet 
animals  sacrificed  at  45  minutes  after  injection.  The  animals  weighed  from  230  to  290 
gm.,  the  average  weights  of  the  groups  being  248  +  7  gm.  Three  periods  spaced  eight 
hours  apart  throughout  24  hours  were  investigated.  Each  animal  received  an  intravenous 
injection  of  25  pe.  of  I*’*  with  5/ag.  of  carrier  iodide  45  minutes  before  .sacrifice.  The  per¬ 
centage  of  the  injected  dose  present  in  the  thyroid,  stomach,  PHI,  NPBI,  and  total 
plasma  were  recorded,  as  well  as  the  stomach  weight  in  grams  (Table  4). 

Experiment  V.  In  order  to  extend  the  results  to  animals  fed  various  diets,  an  ex|)eri- 


TiME  or  sAcmncr 

Fig.  1.  Influence  of  the  time  of  day  on  the  percentage  of  the  injected  dose  of  radio¬ 
iodine  taken  up  by  the  thyroid  gland  4  hours  after  injection  (Experiment  III).  The  time 
indicated  on  the  absci.ssae  is  the  hour  of  sacrifice  of  the  animals.  The  curve  of  the  thyroid 
gland  is  shown  as  a  heavy  line.  The  stomach  weights  at  various  times  of  the  day  are 
plotted  in  the  lower  part  of  the  figure. 

ment  identical  to  Experiment  III  was  carried  out  in  animals  receiving  the  commercial 
diet  Purina  Fox  Chow  which  includes  an  adequate  amount  of  iodine.  The  animals  weighed 
from  130  to  170  gm.,  the  average  weights  of  the  groups  being  250  ±  0  gm.  The  only  other 
difference  from  Exiieriment  III  was  that  the  amount  of  carrier  iodide  added  to  the 
radio-iodine  injected  was  20  ixg.’  (Table  5,  Figure  2). 

RESULTS 

Experiment  I  consisted  of  comparing  the  iodine  content  of  the  thyroid 
glands  of  rats  on  the  low  iodine  diet  sacrificed  at  three  different  times 
over  a  20-hoiir  period,  namely  1  p.m.,  o  p.m.  and  9  .\.m.  The  results  (Table  1) 
showed  no  statistically  significant  variations  in  the  iodine  content  of  the 

*  It  was  thought  that  a  larger  amount  of  carrier  was  needed  to  buffer  the  higher  blood 
iodide  level  existing  after  meals  in  these  normal  animals.  The  actual  amount,  20  /ig.,  was 
chosen  arbitrarily.  It  was  known  from  a  pilot  experiment  that  the  addition  of  20  /ig. 
of  carrier  iodide  to  the  radio-iodine  decreased  the  radio-iodine  uptake  of  the  thyroid  by 
17%  when  the  comjiarison  was  carried  out  at  1  p.m.  and  by  18%,  at  1  a.m. 
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gland  at  thesse  three  times.  The  value  at  9  a.m.  was  high,  although  not 
significantly  so,  on  account  of  two  thyroids  with  an  unusually  high  iodine 
content.  If  these  two  glands  were  excluded,  the  average  iodine  content  for 
the  7  remaining  glands  became  0.39  fig.  per  gland — a  figure  almost  identi¬ 
cal  to  the  means  at  1  p.m.  and  5  p.m.,  namely,  0.39  and  0.38  ng.  per  gland. 
This  result  indicated  that  the  iodine  content  of  the  thyroid 'remained  con¬ 
stant  over  the  20-hour  period.  The  next  step  was  to  examine  whether  or 
not  the  amount  of  iodine  entering  the  gland  also  remained  constant. 

Experiment  II  w'as  designed  to  compare  the  fixation  of  carrier  free  radio¬ 
iodine  by  the  thyroids  of  6  groups  of  low’  iodine  diet  rats  sacrificed  at 
various  times  during  a  24-hour  period.  The  results  (Table  2,  Figure  1)  re¬ 
vealed  that  the  uptake  of  radio-iodine  by  the  thyroid  gland  remained  fairly 
constant.  In  fact,  the  analysis  of  variance — presumably  the  best  method  to 
assess  this  type  of  data — showed  no  statistically  significant  difference 
between  any  two  groups.  Radio-autographs  show’ed  the  presence  of  radio- 
activity  in  the  colloid  in  all  follicles  of  all  the  glands  at  the  6  times  exam¬ 
ined.  On  the  other  hand,  the  intensity  of  the  radioautographic  images  was 
hot  identical  at  the  various  time  intervals,  the  difference  being  especially 
clear  between  the  thyroids  of  the  animals  sacrificed  at  5  a.m.  and  those  at 
1  P.M.  A  straight  “t”  test  was  then  carried  out  between  these  tw’o  groups; 
and,  in  contrast  to  the  analysis  of  variance,  indicated  a  significant  differ¬ 
ence  (P  <5%). 

In  interpreting  these  results,  statistically  significant  changes  were  found 
in  the  stomach  weights  (Table  2),  which  on  examination  of  Figure  1, 
seemed  to  vary  inversely  with  the  radio-iodine  uptake  of  the  thyroid.  In 
other  words,  there  was  a  tendency  towards  a  decreased  uptake  at  times  of 
stomach  repletion,  when  presumably  there  was  absorption  of  the  food  io¬ 
dide.  The  food  iodide  entering  the  circulation  would  dilute  the  radio-iodide 
and,  therefore,  although  the  total  amount  of  iodine  entering  the  gland 
might  remain  constant,  the  radioactive  fraction  of  this  iodine  would  be 
smaller  than  at  other  time  intervals.  The  obvious  way  to  avoid  this  diffi¬ 
culty  was  to  add  a  sufficient  dose  of  carrier  iodide  to  the  radio-iodide  to 
render  negligible  the  eventual  influx  of  food  iodide.  This  was  done  in 
Experiment  III. 

Experiment  III  consisted  in  comparing  the  fixation  of  carrier  containing 
radio-iodine  by  the  thyroids  and,  in  addition,  its  release  as  PBI  in  6  groups 
of  rats  on  a  low  iodine  intake  sacrificed  at  various  times  during  a  24-hour 
period.  The  results  (Table  3;  Figure  2,  left)  show'ed  no  statistically  signifi¬ 
cant  variations  by  analysis  of  variance  “t”  tests  methods  in  either  the 
radioactivity  of  the  thyroid  nor  of  the  PBI.  Therefore,  the  uptake  of  iodine 
by  the  gland  and  the  amount  of  circulating  iodine  released  from  the  gland 
remained  constant  throughout  the  24-hour  period. 
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These  results  may  l)e  eontrasted  with  the  other  results  of  this  same  ex¬ 
periment  which  showed  pronounced  variations  over  24  hours.  The  stomach 
weights  (Table  3;  last  curve  on  the  left  of  Figure  2)  showed  a  maximum  at 
o  .\.M.  and  fell  sharply  to  a  minimum  between  1  p.m.  and  o  p.m.  This  dif¬ 
ference  was  highly  significant  (P  <1%)  and  corresponded  to  that  ol)served 
in  the  stomach  weights  of  the  previous  experiment. 

The  radio-iodine  excreted  into  the  urine  (Table  3;  Figure  3,  left)  showed 
a  marked  rise  between  9  p.m.  and  o  .\.m.  to  a  maximum  of  37.2%  at  1  .\.m. 
and  a  fall  between  9  .\.m.  and  o  p.m.  to  a  minimum  of  12.5%  at  5  p.m.,  a 
variation  in  good  correlation  with  that  of  stomach  weights.  On  the  other 
hand,  the  amount  of  released  into  the  stomach  remained  steady 
throughout  the  entire  period  investigated,  with  only  non-significant  varia¬ 
tions. 

The  NPBI  of  plasma  (Table  3;  Figure  2,  left)  showed  a  marked  drop  at 
1  A.M.  and  5  a.m.  to  a  minimum  at  5  a.m.  of  0.87%  of  the  injected  dose. 
The  values  observed  between  9  a.m.  and  9  p.m.  remained  steady — ^the  maxi¬ 
mum  of  1.75%  being  reached  at  9  p.m.  This  curve  was  in  inverse  correlation 
with  both  the  urine  radioactivity  and  the  stomach  weights.  It  should  be 
noted  that  the  NPBI  count  was  a  figure  indicating  only  the  level  of  circu¬ 
lating  iodide  at  the  time  of  sacrifice,  that  is  the  net  result  of  what  happened 
to  a  highly  dynamic  system  after  four  hours;  and,  therefore,  this  count  was 
not  an  indicator  of  the  amount  of  inorganic  iodide  available  to  the  thyroid 
over  the  previous  four  hours. 

The  total  plasma  observed  (Table  3,  Figure  2)  followed  a  curve  al¬ 
most  identical  with  that  of  the  NPBI.  This  was  to  be  expected  since  the 
relatively  small  and  steady  PBI  produced  very  little  change  in  the  shape  of 
the  NPBI  curve  when  added  to  it  at  each  point  to  give  the  total  plasma 
values. 

Experiment  IV  was  devised  to  show  whether  the  amount  of  radio-iotline 
taken  up  by  the  thyroid  would  also  remain  the  same  at  various  times  of  the 
day,  when  the  animals  were  sacrificed  early  after  injection,  that  is,  at  45 
minutes  instead  of  4  hours  as  in  previous  experiments  (Table  4).  The  re¬ 
sults  again  showed  no  statistically  significant  differences  between  the  three 
periods  examined,  whether  the  radio-iodine  uptake  of  the  thyroid  or  the 
radioactivity  of  the  plasma  PBI  were  considered. 

The  stomach  weights  (Table  4)  showed  a  significant  high  of  4.88  gms. 
and  low  of  2.21  gms.  at  1  a.m.  and  5  p.m.  respectively  (P  <  1%),  a  variation 
in  agreement  with  previous  observations.  The  stomach  counts  varied  from 
1.46%  at  5  P.M.  to  2.08%  at  1  a.m.,  the  difference  between  these  two  groups 
being  insignificant  (P>10%). 

The  total  NPBI  count  was  significantly  higher  at  9  p.m.  when  it  was 
0.333%,  than  at  1  a.m.,  when  it  was  0.218  %  of  the  injected  dose.  The  counts 
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Fig.  2.  Influence  of  the  time  of  the  day  on  the  percentages  of  the  injected  dose  of 
radio-iodine  taken  up  by  the  thyroid  gland  4  hours  after  injection  in  animals  on  a  low 
iodine  diet  (Experiment  III  left  hand  side)  and  in  animals  receiving  an  adequate  iodine 
intake  (Experiment  IV,  right  hand  side).  The  time  indicated  on  the  abscissae  is  the 
time  of  sacrifice  of  the  animals.  The  curves  for  the  thyroid  gland  are  shown  as  heavy 
lines.  The  percentages  of  the  injected  dose  of  radio-iodine  present  in  urine,  stomach, 
whole  plasma,  NPBI  and  FBI  are  also  indicated.  The  stomach  weights  at  the  various 
times  of  the  day  are  plotted  in  the  lower  part  of  the  figure. 
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showed  an  inverse  correlation  with  the  stomach  weights  as  was  seen  before. 

Experiment  V  was  designed  to  answer  the  question  as  to  whether  results 
similar  to  those  of  Experiment  III  could  be  obtained  when  using  animals 
with  a  normal  dietary  iodine  intake,  in  this  case  provided  by  a  diet  of 
Purina  Fox  Chow. 

The  radio-iodine  uptake  of  the  thyroid  (Table  5;  Figure  2,  right)  showed 
greater  individual  variations  than  in  the  previous  experiments;  but  re¬ 
mained  apparently  constant  throughout  the  day,  since  no  statistically 
significant  variations  could  be  detected  by  analysis  of  variance  or  straight 
“t”  tests.  In  contrast,  the  plasma  PBI  showed  a  significant  variation  in 
radioactivity  content  with  a  maximum  at  1  p.m.  and  fall  between  1  a.m. 
and  9  a.m.  (1%  >P  >5%).  In  this  respect  only  the  normal  animals  showed 
a  difference  from  the  iodine  deficient  animals  of  Experiments  III  and  IV. 

The  radio-iodine  excreted  into  the  urine  (Table  5;  Figure  2)  again  showed 
a  marked  rise  from  a  5  p.m.  minimum  of  19.5%  to  a  maximum  of  48.0% 
at  5  A.M.  The  radio-iodine  present  in  the  stomach  showed  a  rise  at  5  p.m. 
to  16.6%  and  a  fall  to  10.7%  at  1  a.m.,  this  difference  being  significant 

(P<.'5%). 

The  NPBI  radioactivity  showed  variations  very  similar  to  those  of 
Experiment  III  (Figure  2).  The  maximum  was  reached  at  5  p.m.  and  mini¬ 
mum  at  5  A.M.  The  curve  again  showed  an  inverse  correlation  with  both 
the  urinary  and  the  stomach  weights.  The  total  plasma  radioactivity 
followed  that  of  the  NPBI. 


DISCUSSION 

It  was  stated  earlier  that,  if  the  thyroid  activity  is  continuous,  and  the 
various  phases  of  activity  are  performed  simultaneously  and  at  a  constant 
rate,  then  the  function  of  the  gland  may  be  described  as  involving  a  “steady 
state”  of  the  thyroid  metabolites.  The  most  characteristic  pha.ses  of  thy¬ 
roid  activity  are  concerned  with  iodine  metabolism.  The  handling  of  iodine 
by  the  gland  may  be  sub-divided  into  at  least  five  separate  phases  or  func¬ 
tions,  namely,  the  entry  of  inorganic  iodide  from  the  circulation,  the  syn¬ 
thesis  of  thyroglobulin  from  iodide  in  the  cell  apex,  the  deposition  of  thyro- 
globulin  in  colloid,  the  hydrolysis  of  thyroglobulin  yielding  thyroxine,  and 
the  passage  of  thyroxine  into  the  circulation  (Leblond  and  Gross,  1948, 
1949).  The  thyroxine  released  into  the  circulation  was  found  to  be  bound 
to  proteins,  thus  forming  the  thyroid  hormone  or  circulating  protein  bound 
iodine  of  the  plasma  (Gro.ss  et  al.,  1950,  1951). 

In  this  work  only  two  of  the  phases  of  iodine  metabolism  in  the  thyroid 
were  investigated,  i.e.,  the  rate  of  uptake  of  iodide  from  the  circulating 
iodide,  and  the  rate  of  secretion  of  thyroid  hormone  from  the  gland  into 
the  circulating  PBI  of  the  plasma,  that  is,  the  first  and  last  phases  of  thy¬ 
roid  activity. 
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The  rate  of  uptake  of  iodide  by  the  thyroid  was  estimated  by  measuring; 
tiie  amount  of  radio-iodine  found  in  the  gland,  four  hours  after  injection. 
This  represented  the  amount  entering,  minus  that  leaving  the  thyroid  over 
the  4-hour  period.  However,  the  amount  of  radioactive  PBI  in  the  blood 
plasma  was  only  about  0.2%  of  the  amount  of  radio-iodine  in  the  two 
thyroid  lobes  and,  therefore  the  release  of  organically  bound  radio-iodine 
from  the  thyroid  must  hav’e  been  small  enough  to  make  it  possible  to  con¬ 
sider  the  thyroid  count  as  a  good  index  of  the  amount  of  radio-iodine  enter¬ 
ing  the  gland  since  the  time  of  injection. 

The  problem  of  measuring  the  last  phase  of  thyroid  activity,  i.e.,  that  of 
hormone  secretion  from  the  gland,  has  been  approached  in  this  work  by 
measuring  the  radioactivity  present  in  the  protein  bound  iodine  of  the 
circulating  plasma.  The  figures  obtained  represented  the  net  result  of  the 
total  hormonal  radio-iodine  secreted  from  the  gland  since  the  time  of 
injection,  minus  the  total  amount  of  radio-iodine  lost  from  the  plasma 
protein  bound  iodine  by  excretion,  breakdown,  and  absorption  into  the 
body  tissues.  If  it  is  assumed  that  the  rate  of  loss  of  hormone  from  the  plas¬ 
ma  is  fairly  constant,  then  the  PBI  counts  depended  directly  on  the  aver¬ 
age  rate  of  radio-hormone  output  by  the  thyroid  gland  since  the  time  of 
injection. 

Three  points  had  to  be  proved  to  demonstrate  the  existence  of  a  “steady 
state”  of  the  thyroidal  iodine.  The  first  problem  was  whether  the  thyroid 
activity  was  continuous  or  intermittent.  When  this  problem  was  examined 
the  thyroid  gland  was  found  to  be  taking  up  some  iodine  in  all  of  the  four 
hour  periods  examined,  from  whatever  time  of  day  these  periods  were 
selected  (Tables  2,  3,  and  4).  This  was  true  also  of  the  45-minute  periods 
examined  (Table  5).  That  some  secretion  also  took  place  at  all  times  was 
indicated  by  the  presence  of  labeled  PBI  in  the  plasma  of  all  groups 
(Tables  3,  4,  and  5).  Thus,  there  was  no  interruption  in  the  activity  of  the 
thyroid  throughout  the  day  either  in  iodine  deficient  or  in  normal  animals. 

The  second  question,  which  asked  whether  the  various  phases  of  thyroid 
activity  are  carried  out  singly  or  simultaneously,  was  answered  by  the 
same  data  which  also  showed  that  both  the  radio-iodine  uptake  by  the 
thyroid  and  the  formation  of  radio-PBI  took  place  concurrently  (Tables 
3,  4,  and  5).  In  addition,  examination  of  individual  data  indicated  that  the 
PBI  radioactivity  was  high  when  the  thyroid  radio  activity  was  high  and 
vice  versa.  This  impression  was  tested  by  a  statistical  analysis  of  the  cor¬ 
relation  between  the  figures  for  thyroid  and  PBI.  This  was  carried  out  in 
Experiment  III.  The  correlation  between  thyroid  and  PBI  radioactivity 
in  this  experiment  was  equal  to  0.33  and  a  “t”  test  of  its  significance 
revealed  it  to  be  a  true  correlation  (P  =  2%).  This  result  further  demon¬ 
strated  a  close  relation  between  the  two  thyroid  activities. 
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The  third  prol)lem,  namely,  vvhetlier  the  thyroid  activity  occurred  at  a 
constant  or  at  a  varying;  rate,  was  not  easily  solved.  In  Experiment  II 
(Table  2),  the  thyroid  count  was  found  to  be  fluctuating  slightly  over  24 
hours.  If  the  amount  of  iodine  entering  the  gland  had  remained  constant, 
while,  at  times  of  feeding,  the  amount  of  circulating  iodine  had  been  raised 
by  the  ab.sorption  of  the  food  iodide,  then  the  tracer  dose  of  radio-iodide 
given  at  such  times  would  be  diluted  in  the  circulation  and  less  of  it  would 
enter  the  gland.  This  cause  of  error  was  eliminated  by  adding  to  the  radio- 
iodide  a  small  amount  of  carrier  (5  to  20  mS-)>  which  was  sufficient  to  make 
the  food  iodide  negligible  by  comparison.  Thus,  at  all  times,  the  radio 
iodine  would  have  the  same  dilution  in  the  circulation.  Unfortunately,  this 
advantage  was  gained  at  the  expense  of  the  more  physiological  condition 
obtained  with  carrier  free  radio-iodine  as  in  Experiment  II.  However,  the 
Experiments  III-V  done  with  carrier  demonstrated  at  least  that  under 
these  conditions  (Tables  3,  4,  and  5)  there  was  a  constant  rate  of  iodine 
fixation  by  the  thyroid.  The  constancy  is  all  the  more  remarkai)le,  when 
compared  to  the  considerable  variations  in  other  phases  of  iodine  me¬ 
tabolism  I'etrealed  by  the  urinary  excretion  and  the  XPBI  (Figure  2).  At 
any  rate,  if  any  fluctuations  in  uptake  of  iodine  existed,  they  were  not 
detectable  and  must  be  very  small  indeed.  The  suspicion  that  very  small 
fluctuations  may  exist  was  .supported  by  the  FBI  results.  In  two  of  three 
experiments  no  significant  differences  were  observed  between  the  radio¬ 
activity  of  the  FBI  at  the  various  times  of  the  day,  Init  Experiment  V 
showed  a  significant  fluctuation  of  the  FBI  values.  This  variation  was 
not  nece.ssarily  due  to  a  change  in  thyroid  activity,  since  it  might  be  ac¬ 
counted  for  by  a  modification  in  the  excretion  of  the  FBI.  At  any  rate,  this 
fluctuation  was,  however,  so  minute  that,  for  most  practical  and  theoretical 
purposes,  it  may  be  considered  that  the  thyroid  activity  was  pei formed  at 
a  constant  rate.  It  was  concluded  that  the  results  of  Experiments  I  and  II 
completed  by  III-V  demonstrated  that  the  requirements  for  the  justifica¬ 
tion  of  the  assumption  of  a  “steady  state”  over  a  24-hour  period  have  been 
fulfilled,  at  least  with  respect  to  the  first  and  last  phases  of  thyroid  activity. 

With  regard  to  the  other  phases,  the  radioautographs  showed  the  pres¬ 
ence  of  radioactivity  in  the  colloid  at  4  hours  after  injection  whatever  the 
time  of  the  day.  Therefore,  in  all  cases,  thyroglobulin  had  l)een  secreted 
into  the  colloid.  At  any  rate,  thyroglobulin  entry  into  the  colloid  and  the 
other  thyroid  functions  may  be  considered  as  part  of  a  system  in  which 
five  interdependent  pha.ses  of  activity  are  being  carried  out;  then,  if  the 
first  and  last  of  these  phases  are  shown  to  occur  at  a  similar  and  constant 
rate,  it  must  necessarily  be  concluded  that  the  intermediate  phases  are 
being  carried  out  at  the  same  (net  or  average)  rate. 

Therefore,  since  the  “steady  state”  of  the  thyroidal  iodine  has  been 
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demonstrated,  previously  published  arguments  based  on  such  an  assump¬ 
tion  may  now  be  considered  as  being  correct.  Thus,  the  interpretation 
of  radioautographic  pictures  on  the  assumption  of  a  “steady  state”  (Le- 
blond  and  Gross,  1948)  had  led  to  the  conclusion  that  the  function  of  the 
thyroid  gland  consisted  of  a  series  of  activities  in  which  all  cells  of  all  folli¬ 
cles  were  continuously  involved  and  which  proceeded  at  a  definite  charac¬ 
teristic  rate  for  each  thyroid  follicle.  These  activities  are  the  extraction  of 
iodide  from  plasma,  the  synthesis  of  thyroglobulin  in  the  apex  of  the  follicu¬ 
lar  cell,  the  deposition  of  thyroglobulin  into  the  colloid,  the  proteolysis  of 
thyroglobulin  to  its  amino-acid  components  in  the  colloid,  and  the  passage 
of  thyroxine  through  the  cell  into  the  plasma.  Since  a  .steady  state  of  thy¬ 
roidal  iodine  is  demonstrated  by  the  present  work  that  all  thyroid  activi¬ 
ties  are  proceeding  continuously,  simultaneously  and  at  a  constant  rate 
throughout  a  24-hour  period. 

However,  a  comparison  of  the  three  experiments  in  which  the  animals 
were  sacrificed  4  hours  after  injection  showed  that  the  grand  averages  of 
the  thyroid  uptakes  of  radio-iodine  for  each  experiment  were  very  different. 
Thus,  the  thyroids  of  the  small  rats  used  in  Experiment  II  took  up  less 
iodine  than  those  of  the  larger  rats  used  in  Experiment  III.  Therefore, 
the  level  at  which  a  “steady  state”  is  established  may  po.ssibly  change  with 
the  age  of  the  animals.  Similarly,  the  thyroids  of  the  Purina  fed  rats  of  Ex¬ 
periment  V  took  up  less  radio  iodine  than  the  glands  of  the  rats  fed  the  low 
iodine  diet.  Since  the  latter  had  been  raised  on  a  Purina  diet  before  being 
given  the  low  iodine  diet,  here  again  the  level  of  the  “steady  state”  had 
changed  following  the  diet  change.  Temperature  and  other  factors  may 
also  alter  the  level  of  “steady  state.”  Presumably,  the  rate  of  thyrotrophin 
secretion  by  the  hypophysis  plays  a  major  role  in  the  establishment  of  the 
rate  of  thyroid  activity. 

Briefly,  it  appears  that,  over  relatively  short  periods  of  time,  the  rate 
of  the  various  functions  of  the  thyroid  gland  is  remarkably  steady.  But 
the  level  of  activity  is  not  rigidly  fixed  and  may  be  gradually  modified 
by  many  factors,  .so  that,  under  the  changed  conditions,  a  new'  “steady 
state”  will  be  established. 


SUMMARY 

The  problem  of  the  existence  of  a  “steady  state”  of  the  thyroidal  iodine 
W'as  examined  by  comparing  the  behavior  of  this  iodine  at  various  time 
intervals  over  24-hour  periods.  Two  types  of  experiments  were  set  up  using 
male  rats  kept  under  controlled  conditions  of  environment  and  fed  a  low' 
iodine  diet  namely:  1)  the  iodine  content  of  the  thyroid  was  examined  at 
3  different  times  during  a  24-hour  period;  2)  the  radio-iodine  uptake  of  the 
thyroid  and  the  radioactivity  of  the  protein  bound  iodine  of  plasma  were 
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measured  at  6  different  times  of  the  day  in  animals  sacrificed  4  hours  after 
radio-iodine  injection.  This  experiment  was  repeated  under  various  condi¬ 
tions,  including  the  use  of  animals  fed  a  diet  with  a  normal  iodine  intake. 

The  results  demonstrate  that:  1)  the  iodine  content  of  the  thyroid  shows 
no  diurnal  variation  (Table  1);  2)  the  uptake  of  iodine  and  the  release  of 
iodine  containing  hormone  occur  simultaneously,  continuously  and  at  an 
approximately  constant  rate  (Tables  2-5,  Figs.  1  and  2).  That  a  deviation 
from  the  constancy  of  the  rate  of  thyroid  secretion  may  occur  was  indi¬ 
cated  by  a  significant,  but  small  variation  in  the  radioactivity  of  the  pro¬ 
tein  bound  iodine  of  plasma  in  one  of  three  experiments  (Table  5).  Thus, 
po.ssibly,  minor  fluctuations  in  the  rate  of  thyroid  functions  may  occur, 
but,  if  they  exist  in  all  cases,  they  are  generally  too  small  to  l)e  detected. 

As  an  approximation  satisfactory  for  most  practical  and  theoretical 
studies  of  the  thyroid  gland,  it  is  concluded  that  the  rates  of  iodine  entry 
and  hormonal  iodine  output  are  constant.  These  rates  must  also  be  equal 
to  each  other  .since  the  iodine  content  of  the  gland  remains  constant. 
Therefore,  the  thyroidal  iodine  is  in  a  “steady  state.” 

Acknowledgment 

This  work  was  supj)()rted  by  a  grant  of  the  National  Research  Council  of  ('anada. 
The  iodine  estimations  were  carried  out  by  Miss  J.  Cambron. 

REFERENCES 

Bel.vngkh,  L.  F.,  and  C.  P.  Lehlond:  Endocrinology  39:  8.  1946. 

Bowman,  L.  G.;  J.  Exper.  Zool.  75:  375.  1937. 

Bkowman,  L.  G. :  j.  Exper.  Zool.  94:  477.  1943. 

Chaney,  A.  L. :  Ind.  Eng.  Chem.  {An.  ed.)  12:  179.  1940. 

Gross,  J.,  and  C.  P.  Leblond:  Endocrinology  48:  700,  1951. 

Gros.s,  j.,  C.  P.  Leblond,  A.  E.  Franklin,  and  J.  H.  Qua.stel:  Science  111 :  605.  1950. 
Laugier,  H.,  and  C.  P.  Leblond:  Rev.  canad.  de  biol.  2:  474.  1943. 

Leblond,  C.  P.,  and  W.  Mann:  Proc.  Soc..  Exper.  Biol,  d-  Med.  49: 102.  1942. 

Leblond,  C.  P.,  W.  L.  Percival,  and  J.  Gro.ss:  Proc.  Soc.  Exper.  Biol,  d  Med.  67:  74. 
1943. 

Leblond,  C.  P.,  and  J.  Gross;  Endocrinology  43:  306.  1948. 

Leblond,  C.  P.,  and.!.  Gross:  J.  Clin.  Endocrinol.  9:  149.  1949. 

ZiLVERsMiT,  D.  B.,  C.  Entenman  AND  M.  C.  Fishler;  j .  (ten.  Phyaiol.  26;  325.  1943. 


THE  PRESENCE  OF  FREE  lODINATED  COMPOUNDS 
IN  THE  THYROID  AND  THEIR  PASSAGE  INTO 
THE  CIRC’ULATION 

J.  GROSS*  AND  C.  P.  LEBLOND 

De/xirlment  of  Anntomij,  MiGill  I'niversity,  Montreal,  Canada 

WIHIjE  it  is  generally  believed  that  the  iodine  of  the  thyroid  is 
either  bound  in  the  thyroglobulin  molecule  or  free  as  the  iodide  ion, 
recent  evidence  has  indicated  that  other  iodine  containing  substances  are 
present  in  the  gland.  Thus,  free  thyroxine  has  been  detected  in  extracts 
of  unhydrolyzed  thyroids  (Leblond  and  Gross,  1949;  Gross  et  al.,  1950); 
free  diiodotyrosine,  monoiodotyrosine  and  several  other,  as  yet  unidenti¬ 
fied,  iodine  compounds  have  also  been  found  in  the  gland  (Tishkoff  et  al., 
1949;  Gross  et  al.,  1950).  The  thyroglobulin  molecule  contains  these  amino- 
acids  bound  in  peptide  linkage,  as  shown  by  Harington  for  thyroxine  and 
diiodotyrosine  (1933)  and  by  Fink  and  Fink  for  monoiodotyrosine  (1948).* 
Therefore,  it  has  been  presumed  that  these  free  amino-acids  are  derived 
from  thyroglobulin  through  the  action  of  a  proteolytic  enzyme  system  such 
as  the  one  demonstrated  by  de  Robertis  in  the  thyroid  (1949).  Further¬ 
more,  this  pool  of  amino-acids  appears  to  be  the  source  of  the  plasma  thy- 
rozine,  the  presumed  thyroid  hormone  (Leblond  and  Gross,  1949;  Gross 
et  al.,  1950).  To  elaborate  these  findings,  the  relative  amounts  of  labeled 
iodinated  amino-acids  in  thyroid  and  pla.sma  has  been  inv'estigated  at 
various  time  intervals  after  the  administration  of  radioactive  iodide. 

METHODS 

Female  albino  rats  weighing  170-200  grains  were  injected  with  100  microcuries  of 
radioactive  iodide  subcutaneously  and  sacrificed  at  various  intervals  thereafter.  Three 
grouiis  of  animals  were  used,  namely: 

a)  Animals  fed  a  commercial  diet,  Purina  Fox  Chow,  which  supplied  a  more  than 
adeijuate  iodine  intake  (approximately  10  /xg.  daily  in  animals  of  this  weight); 

b)  Animals  fed  a  diet  low  in  iodine  (Remington  Xo.  342  (1937),  with  10%  yeast) 
which  supplied  approximately  2  /xg.  daily  in  animals  of  this  weight; 

c)  .\nimals  fed  the  same  low  iodine  diet  plus  20  /xg.  of  iodide  daily  given  by  subcu¬ 
taneous  injection  in  two  doses,  by  which  means  a  moderately  high  iodine  intake 
was  achieved. 
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(1949),  Taurog  et  al.  (1950)  and  Roche  et  al.  (1950. 
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Table  1.  Experimental  details 

Number  of  animals  used 


Time  after 
injection  of  1'** 


Moderately 

Adequate  Low  iodine  intake  IukIi  iodine  intake 

iodine  intake  (Remington  No.  342  (Remington  No.  342 
(Purina)  +veast)  +  veast +20  a(t- 

I- daily) 


15  mins. 

3 

2 

1  hr. 

4 

4 

2 

3  hrs. 

4 

4 

2 

24  hrs. 

4 

2 

2 

48  hrs. 

4 

2 

2 

The  number  of  animals  on  each  iodine  intake  for  each  time  interval  investigated  is 
recorded  in  Table  1 . 

All  animals  were  anaesthetized  with  ether  and  then  as  much  blood  as  possible  was 
drawn  from  the  descending  aorta  with  a  hepaiinized  syringe.  The  thyroids  were  rapidly 
removed  and  ground  uj)  in  0.5  cc.  of  cold  saline  in  a  glass  mortar.  The  gland  homogenates 
and  the  blood  plasmas  were  first  extracteii  with  twice  their  v'olume  of  water-saturated 
n-hutanol.  Three  furtlier  extractions  were  carried  out  with  an  equal  volume  of  solvent. 
The  radioactivity  of  the  combined  butanol  extracts  and  butanol-insoluble  residues  was 
estimated  by  means  of  a  (ieiger-Muller  counter.  Addition  of  the  two  counts  gave  the 
amount  of  radio-iodine  in  the  gland.  This  was  expressed  as  percentage  of  the  injected 
dose  (Table  2,  columns  2,  4  and  fi),  while  the  radio-activity  of  the  butanol  extract  was 
expressed  as  percentage  of  the  thyroidal  radioactivity  (Table  2,  columns  3,  5  and  7). 

The  combined  butanol  extracts  were  then  reduced  to  about  0.1  cc.  at  room  tempera- 

TaBLE  2.  AmOI'NTS  ok  radioiodine  KOr.ND  IN  THE  BI  TANOL  EXTRACT  OK  I’NII YDROLYZED 

THYROID  AND  IN  THE  WHOLE  GLAND  AT  VARIOCS  TIMES  AFTER  THE  SCBCCTANEOrs 
INJECTION  OF  Nal”*  IN  RATS  FED  DIETS  WITH  DIFFERIJNT  IODINE  LEVELS 


Time  after 
injection 

.\deciuate  iodine 
(Purina) 

Low 

iodine 

Moderately  high  iodine 
(Remington  342  +yeast 
+20  /ag.  I~  daily) 

%  injected 
dose  in 
whole 
thyroid 

%  thyroid 
!'»'■  in 
butanol 
extract 

%  injected 
dose  in 
whole 
thyroid 

%  thyroid 
I'”  in 
butanol 
extract 

%  injected 
ilose  in 
whole 
thyroid 

%  thyroid 
in 

butanol 

extract 

15  mins,  a 

O.ti 

0.4 

0.0 

0.9 

b 

0.3 

7.8 

4.5 

1.0 

c 

0.3 

11.2 

1  hr.  a 

1  .2 

3.2 

17.9 

0.9 

1 .3 

1.8 

b 

2.5 

4.3 

17.0 

2.7 

2.3 

1  .0 

3  hrs.  a 

4.5 

1 .0 

1.2 

2.0 

b 

2.8 

1  .0 

1 .3 

1 .7 

24  hrs.  a 

31.8 

0.9 

0.9 

0.0 

b 

7.2 

1  .3 

14.0 

2.3 

7.0 

0.4 

48  hrs.  a 

5.3 

1 .8 

7 .(» 

3.0 

1 .0 

1  .0 

b 

5.3 

1 .5 

17.1 

2.0 

2.3 

1  .2 

c 

11.2 

2.0 

d 

12.0 

0.7 
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ture  in  vofuo.  0.02  cc.  aliquots  were  placed  on  filter  paper  for  chromatography  by  a 
modification  of  the  method  of  Fink  et  al.  (1947,  1948)  as  previou.sly  described  (Gross 
et  al.,  1950).  The  solvent  used  in  the  first  dimension  consisted  of  n-butanol  saturated 
with  2X  formic  acid,  and,  in  the  second  dimension,  of  a  mixture  of  4  parts  of  n-butanol 
and  1  part  of  dioxane  saturated  with  2N  ammonium  hydroxide.  The  chromatograms 
of  the  animals  fed  an  adequate  iodine  intake  were  done  in  this  manner,  but  in  the  chro¬ 
matograms  of  the  animals  fed  the  low  iodine  diet  with  or  without  iodide  supplement, 
the  first  dimension  solvent  was  changed  to  butanol  saturated  with  phosphate  buffer 
at  pH  7.2.  This  change  was  made  as  it  had  been  found  that  in  the  acid  medium  of  the 
butanol-formic  mixture,  iodide  tended  to  oxidize  to  iodine,  which  has  a  much  greater 
Rf;  and  this  caused  an  elongation  and  upward  displacement  of  the  iodide  spot.  The  other 
iodine  compounds  showed  approximately  the  same  relative  location  with  both  solvents. 

For  each  sample,  duplicate  paper  chromatograms  were  made  with  and  without  the 
addition  of  100  /ag.  each  of  the  following  carriers:  monoiodotyrosine,  diiodotyrosine, 
thyroxine  and  diiodothyronine.  After  chromatography  the  pajrers  were  dried  at  room 
temperature  and  expo.sed  to  X-ray  films  for  detection  of  radioactive  spots  by  ladio- 
autography  as  previously  described  (Gross  et  al.,  1950)  all  the  films  of  the  Purina  fed 
animals  were  exposed  for  20  days  and  developed  at  the  same  time.  Similarly,  the  films 
of  the  animals  on  the  low  iodine  diet  were  exposed  for  5  days  and  developed  at  the  same 
time. 

The  paper  chromatograms  embodying  carriers  were  then  subjected  to  the  following 
j)rocedure.  A  volume  of  cold  sulphanilic  acid  (0.05M  in  9%  HCl)  was  added  to  an  ecjual 
volume  of  cold  4.5%  sodium  nitrite  and  allowed  to  diazotize  for  10  min.  at  4°  C.  The 
paper  was  sprayed  with  this  solution  and  left  for  about  5  minutes  to  allow  evapora¬ 
tion  of  excess  moisture.  The  damp  paper  was  then  sprayed  with  5%  Na2C03  in  50% 
ethanol.  Under  these  conditions,  the  thyroxine  and  diiodothyronine  spots,  due  to 
the  added  carriers,  reacted  by  producing  a  deep  j)urple  color,  while  the  mono-  and 
diiodotyrosine  spots  gave  a  more  orange  hue.  The  paper  chromatograms  were  then 
compared  to  the  corresponding  X-ray  films.  Whenever  a  colored  spot  exactly  coincided 
with  a  black  spot  on  the  X-ray  film,  it  was  concluded  that  the  substance  responsible  for 
the  colored  spot  was  also  present  in  a  radioactive  form.  In  the  ca.se  of  radio-autographs 
of  chromatograms  prepared  without  carriers,  there  were  no  significant  differences  in  the 
location  of  the  spots,  which  therefore  were  identified  by  comparison  with  the  duplicate 
made  from  the  chromatograms  containing  the  carriers.  All  the  figures  in  this  paper  are 
radio-autographs  of  chromatograms  made  without  carriers  and  labeled  by  comparison. 

In  some  cases,  elemental  iodine  was  used  as  a  carrier;  and  its  location  was  determined 
by  spraying  the  chromatogram  with  a  starch  solution  after  the  first  dimension  or  with 
1  %  palladium  chloride  after  the  second  dimension  run. 

RESULTS 

The  radio-autograph.s  of  chromatograms  from  thyroid  and  plasma  re¬ 
vealed  a  characteristic  sequence  in  the  animals  receiving  an  adequate 
iodine  intake  from  the  commercial  diet.  At  15  minutes  after  radio-iodine 
injection  the  butanol  extracts  of  thyroid  and  plasma  showed  only  the 
pre.sence  of  iodide  on  the  radio-autographs.  There  were  traces  of  mono- 
and  diiodotyrosine  in  one  animal.  At  1  hour,  the  thyroids  showed  definite 
spots  due  to  mono-  and  diiodotyrosine  as  well  as  iodide  and  a  weak  spot 
due  to  thyroxine,  which,  although  distinct,  was  too  faint  to  appear  on  the 
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photograph  (Fig.  1).  On  the  other  hand,  the  plasmas  (Fig.  2)  contained 
only  iodide.  At  3  hours  (Fig.  3)  the  intensity  of  all  components  in  the 
thyroid  extracts  had  increased  and  more  definite  amounts  of  thyroxine 
were  present.  The  plasmas,  in  addition  to  the  intense  iodide  reaction  (Fig. 
4),  showed  a  very  faint  thyroxine  spot  not  demonstrable  on  photographs. 
At  24  hours  (Fig.  o)  there  was  a  relative  decrease  in  the  intensities  of 
the  monoiodotyrosine,  diiodotyro.sine  and  iodide  constituents  of  the  thy¬ 
roid  extract,  with  a  pronounced  increase  in  the  radioactivity  of  the  thy¬ 
roxine  spot.  The  plasma  at  this  time  (Fig.  ti)  showed  an  intense  thyroxine 
spot  with  a  much  fainter  iodide  area.  At  no  time  interval  were  diiodotyro- 
sine  or  monoiodotyrosine  demonstrable  in  the  plasma. 

In  addition  to  the  identifiable  spots  described  so  far,  weak  spots  due  to 
unknown  compounds  were  also  observed.  Thus,  in  the  thyroids  of  one  3 
hour  and  one  24  hour  animal  an  unknown  iodinated  compound  could  be 
seen  to  the  right  of  thyroxine  as  a  barely  visible  spot  corresponding  in 
location  to  the  unknown  previously  described  as  number  1  (Gross  et  aL, 
1950;  .see  also  Fig.  7-12).  Traces  of  the  same  sub.stance  were  present  in  one 
of  the  24-hour  plasmas.  Furthermore,  a  more  distinct  spot,  previously 
described  as  unknown  number  3,  was  recognized  between  the  diiodotyro- 
sine  spot  and  the  top  of  the  iodide  spot.  This  was  found  in  all  3-hour  and 
24-hour  animals  and  .sometimes  consisted  of  2  or  3  rather  than  one  distin¬ 
guishable  spot.  The  upper  edge  of  the  paper  also  show'ed  the  presence  of 
some  radioactivity  with  an  occasional  concentration  near  .the  upper  right 
corner  previously  referred  to  as  compound  number  2  (Gross  et  aL,  1950). 
Finally,  diiodothyronine  was  never  found  in  thyroid  nor  plasma. 

In  the  animals  on  a  low  iodine  intake,  monoiodotyro.sine  and  to  a  lesser 
extent,  diiodotyrosine  could  be  demonstrated  in  the  thyroid  butanol 
extract  as  early  as  15  minutes  after  injection.  At  1  hour  (Fig.  7)  in  addition 
to  the.se  tw'o  amino-acids  and  iodide,  there  was  a  .strongly  radioactive 
accumulation  of  thyroxine  accompanied  by  intense  spots  for  the  two 
unidentified  iodo-compounds,  numbers  1  and  3.  At  3  hours  (Fig.  9)  there 
w'as  an  increase  in  the  radioactivity  of  all  compounds  except  iodide,  which 
showed  a  diminished  inten.sity.  At  24  hours  (Fig.  11)  the  radioactivity  in 
all  spots  had  decreased  except  possibly  that  of  compound  number  1.  The 
spot  labeled  number  5,  present  on  the  upper  margin  of  the  paper  direct¬ 
ly  over  iodide  at  1  and  3  hours  (Figs.  7  and  9),  was  identified  as  elemental 
iodine.  The  plasma  preparations  showed  thyroxine,  unknown  number 
1  and  iodide  at  1  hour  after  injection  (Fig.  8),  with  a  rapid  diminution  in 
the  radioactivity  of  iodide  and  possibly  unknown  1  with  time  (Figs.  10-12). 
At  no  time  interval  examined  were  any  other  iodinated  compounds  demon¬ 
strable  in  the  butanol  extract  of  plasma.  The  previously  reported  faint 
diiodotyrosine  .spot  (Gross  et  aL,  1950)  was  due  to  exchange  between  radio- 
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I’latk  I.  Radioautographs  of  j)aper  chromatograms  of  the  butanol  extracts  of  unhydro¬ 
lyzed  thyroids  (Figs.  1,  3  and  5)  and  plasmas  (Figs.  2,  4  and  6)  of  rats  receiving  an  adequate 
iodine  intake  (Purina  J’ox  Chow).  The  animals  received  a  subcutaneous  injection  of  100 
microcuries  of  carrier-free  radio-iodine.  All  radioautographs  were  given  the  same  exi)0sure. 
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iodide  and  the  iodine  of  the  carrier  diiodotyrosine  present  on  tlie  paper. 
No  traces  of  diiodotyrosine  were  found  in  the  plasma  of  any  animals  when 
the  chromatograms  were  prepared  without  carriers. 

The  chromatographic  patterns  obtained  from  the  thyroids  and  plasmas 
of  the  animals  on  a  low  iodine  intake,  receiving  20  microgratns  of  iodide  per 
day,  were  similar  to  those  shown  in  Figs.  1-6  except  that  there  was  a  slower 
rate  of  entry  of  radioactivity  into  the  various  amino-acids,  radio-thyroxine 
appearing  only  at  24  hours. 

The  figures  on  the  percent  of  the  dose  of  radio-iodine  taken  up  l)y  the 
thyroid  at  various  times  after  injection  (Table  2)  showed  that  iodine  uptake 
is  most  rapid  in  the  low  iodine  animals  and  slowest  in  the  animals  receiving 
the  daily  injection  of  20  mS-  of  iodide.  The  figures  may  be  taken  as  giving 
a  rough  indication  of  the  rates  of  radio-thyroglobulin  formation  (Leblond 
and  Gross,  1948).  The  proportion  of  thyroidal  radioactivity  present  in 
the  butanol  extract  was  at  first  higher  in  the  animals  on  the  adecpiate 
iodine  intake.  Later,  the  levels  became  more  or  less  similar  in  the  three 
groups,  although  at  24  to  48  hours  they  may  perhaps  be  greater  in  the 
iodine  deficient  group  (mean  2.2)  than  in  the  Purina  fed  group  (mean  1.")) 
and  in  the  latter,  greater  than  in  the  iodide  injected  group  (mean  0.8). 

DISCUSSION 

Radio-autographs  of  thyroid  sections  had  previously  revealed  that  the 
iodine  entering  the  thyroid  gland  of  the  rat  is  transformed  into  thyroglolni- 
lin  in  the  apex  of  the  thyroid  cell  and  deposited  as  such  in  the  colloid  of  the 
thyroid  follicle  (Leblond  and  Gross,  1948).  The  iodine  entry  was  shown  to 
be  continuous  throughout  the  24  hours  of  the  day;  and  so  was  the  deposi¬ 
tion  of  thyroglobulin  in  the  colloid  (Dougherty  et  al.,  1951).  The  “steady 


Explanation  ok  P'igurks 

P'lG.  1.  Thyroid  extract  of  animal  sacrificed  1  hour  after  radio-iodide  injection.  Be¬ 
sides  the  spots  indicated  on  the  fiffure,  a  thyroxine  spot  too  faint  for  idiotography  could 
he  identified. 

P5g.  2.  Plasma  extract  of  animal  sacrificed  1  hour  after  radio-iodine  injection.  Iodide 
is  the  only  definite  spot.  No  trace  of  thyroxine  could  be  seen. 

Fig.  3.  Thyroid  extract  of  animal  sacrificed  3  hours  after  radio-iodine  injection.  A 
clearcut  thyroxine  spot  has  apjieared. 

I'm.  4.  Plasma  extract  of  animal  sacrificed  3  hours  after  radio-iodine  injection. 
Besides  iodide,  a  thyroxine  spot  too  faint  for  photosraphy  could  he  identified. 

Fig.  5.  Thyroid  extract  of  animal  sacrificefl  24  hours  after  radio-iodine  injection. 
The  thyroxine  spot  is  now  fairly  intense. 

Fig.  ().  Plasma  extract  of  animal  sacrificed  24  hours  after  radio-iodine  injection. 
Besides  iodide  a  clearcut,  intense,  thyroxine  spot  has  appeared. 
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Plate  II.  Radioautogiaphs  of  paper  chromatograms  of  the  butanol  extracts  of  unhydro¬ 
lyzed  thyroids  (Figs.  7,  9  and  11)  and  plasmas  (Figs.  8,  10  and  12)  of  rats  receiving  a  low- 
iodine  diet.  The  animals  received  a  subcutaneous  injection  of  100  microcuries  of  carrier-free 
radio-iodide.  All  radioautographs  w-ere  given  the  same  exposure. 
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state”  required  that  an  output  of  iodine  balance  the  iodine  entry;  and 
therefore,  the  iodine  bound  as  thyroglobulin  in  the  colloid  must  change  to 
a  form  capable  of  leaving  the  thyroid  follicle  and  passing  into  the  circula¬ 
tion. 

Studies  of  thyroid  glands  by  the  method  of  isotope  dilution  revealed  tlie 
presence  of  thyroxine  not  bound  in  peptide  linkage  (Leblond  and  dross, 
1949).  This  finding  suggested  that  tliyroxine  came  from  the  breakdown 
of  thyroglobulin  in  the  colloid  of  the  thyroid  follicle.  Further,  the  free 
thyroxine  of  the  thyroid  would  appear  to  be  the  source  of  the  free  thyroxine 
of  plasma  (Leblond  and  Gross,  1949). 

However,  the  method  of  isotope  dilution  does  not  separate  thyroxine 
from  substances  with  very  similar  solubilities;  and,  therefore,  an  attempt 
was  made  to  confirm  these  re.sults  by  the  method  of  paper  chromatography. 
Preliminary  observations  on  the  thyroid  gland  confirmed  the  presence  of 
free  thyroxine  and  revealed  that  of  monoiodotyrosine,  diiodotyrosine, 
and  several  unknown  iodo-compounds,  all  of  which  were  readily  extracted 
with  butanol  at  room  temperature  in  the  absence  of  hydrolysis,  and,  there¬ 
fore,  were  not  bound  in  peptide  linkage.  Similarly,  free  thyroxine  was  found 
in  plasma  (Gross  et  al.,  1950). 

The  present  work  extended  these  results  in  two  ways.  Firstly,  the  pub¬ 
lished  observations  had  been  chiefly  obtained  with  the  highly  stimulated 
thyroids  of  iodine  deficient  rats.  It  was  possible  here  to  make  identical 
observations  in  animals  fed  a  diet  providing  adequate  iodine  intake.  Not 
only  were  free  mono-  and  diiodotyrosine  found  in  the  thyroid,  free  thyrox¬ 
ine  found  in  the  thyroid  and  plasma  (Figs.  1-6),  but  also  the  unknown 
substances,  numbers  1  and  3  were  observed  in  very  small  amounts  in  the 


Explanation  of  Figukks 

Fig.  7.  Thyroid  extract  of  animal  sacrificed  1  hour  after  radio-iodide  injection. 
Besides  an  inten.se  iodide  spot,  it  is  possible  to  see  intense  spots  for  thyroxine  and  com¬ 
pound  No.  1,  as  well  as  spots  for  monoiodotyrosine,  diiodotyrosine,  compounds  Nos. 
3  and  5. 

Fig.  8.  Plasma  extract  of  animal  sacrificed  1  hour  after  radio-iodide  injection. 
Besides  iodide,  only  thyroxine  and  compound  No.  1  are  visible. 

Fig.  9.  Thyroid  extract  of  animal  sacrificed  3  hours  after  radio-iodide  injection.  There 
are  no  clearcut  changes  in  the  jiattern  except  for  a  decrease  in  the  iodide  spot. 

Fig.  10.  Plasma  extract  of  animal  sacrificed  3  hours  after  radio-iodide  injection. 
There  is  a  decrease  in  the  iodide  spot. 

Fig.  11.  Thyroid  extract  of  animal  sacrificed  24  hours  after  radio-iodide  injection. 
The  thyroxine  spot  shows  a  decreased  intensity. 

Fig.  12.  Plasma  extract  of  animal  sacrificed  24  hours  after  radio-iodide  injection.  The 
thyroxine  spot  is  still  intense. 
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gland.  Therefore,  the  presenee  of  small  quantities  of  these  various  iodo- 
eompounds  in  the  thyroid  was  truly  physiological.^ 

The  second  result  of  this  series  of  experiments  was  the  establishment  of 
a  sequence  of  events  in  the  thyroid  glands  in  agreement  with  basic  theory. 
This  sequence  of  events  will  be  described  in  detail  for  the  series  of  animais 
on  an  adequate  iodine  intake.  At  15  minutes  after  injection,  radio-iodide  was 
the  only  substance  detected  by  chromatography  in  the  butanol  extracts 
of  plasma  and  thyroid  in  2  out  of  3  animals.  The  circulating  radio-iodide 
had,  therefore,  entered  the  thyroid  gland.  Furthermore,  the  results  in 
Table  2  showed  that  the  butanol  extractable  radioactivity — in  this  case, 
iodide — made  up  7.8  to  11.2%  of  the  total  radioactivity  of  the  gland.  The 
balance  must  have  consisted  mainly  of  radio-thyroglobulin,  the  only  buta¬ 
nol  insoluble  iodo-compound  known  to  exist  in  the  thyroid.  Therefore, 
at  15  minutes,  thyroglobulin  had  been  synthesized  in  appreciable  amounts 
from  the  injected  radio-iodine.  The  iodination  leading  to  the  formation  of 
thyroglobulin  may  be  due  to  the  formation  of  elemental  iodine  from  iodide 
(Harington  and  Pitt-Rivers,  1945).  The  identification  of  spot  number  5 
as  elemental  iodine  in  a  number  of  chromatograms  (Figs.  7  and  9)  sup¬ 
ported  this  hypothesis.  However,  the  po.^^sibility  that  this  elemental  iodine 
was  an  artefact  of  the  manipulation  has  not  been  satisfactorily  eliminated. 

At  1  hour  after  injection,  radioactive  spots  due  to  iodide,  monoiodo- 
tyrosine,  diiodotyrosine  (Fig.  1)  and  traces  of  thyroxine  were  detected  in 
the  thyroid  gland  extracts.  At  3  hours,  the  thyroxine  spot  of  the  thyroid 
extracts  was  more  definite  (Fig.  3)  and  the  unknown  substances  number 
1  and  3  had  appeared.  The  biological  source  of  these  iodo-compounds  must 
have  been  the  thyroglobulin  formed  earlier  from  radio-iodide,  since  thyro¬ 
globulin  was  known  to  contain  thyroxine  and  diiodotyrosine  (Harington, 
1933),  as  well  as  monoiodotyrosine  and  unknown  iodinated  substances 
(Fink  el  al.,  1947,  1948).  An  enzyme  hydrolyzing  this  protein  to  its  com¬ 
ponent  amino-acids  would  satisfactorily  account  for  the  production  of 
these  small  molecules.  The  enzyme  of  de  Robertis  (1949),  which  was  first 
identified  in  the  colloid  (where  thyroglobulin  is  also  located)  and  w'as  later 
estimated  by  its  ability  to  release  tyrosine  from  a  protein  substrate,  may 

*  The  possibility  of  the  results  being  due  to  the  radio-chemical  effect  of  radio-iodine 
were  examined  in  a  previous  report  (Gross  et  al.,  1950).  It  was  possible  to  show  that 
free  monoiodotyrosine,  diiodotyrosine  and  thyroxine  could  be  identified  after  injection 
of  1  fic.  of  radio-iodine  to  rats  on  a  low  iodine  diet.  This  dose  of  radioactivity  was  minute 
enough  to  eliminate  the  possibility  that  the  presence  of  these  three  substances  was  due 
to  a  radio-chemical  effect.  How’ever,  unknowns  1,  3  and  5  were  not  visible  with  this  low 
dose  and  might  thus  be  radio-chemical  artefacts.  This  possibility  was  considered  unlikely 
because  of  the  early  appearance  of  the  unknowns  (at  3  hours  in  the  Purina-fed  animals 
and  1  hour  in  the  low  iodine  animals). 
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be  the  agent  responsible  for  the  liberation  from  thyroglobulin  of  the  iodi- 
nated  compounds  detected  in  the  thyroid. 

Most  of  these  compounds  must  be  metabolized  witliin  the  gland,  since 
neither  diiodotyrosine,  nor  monoiodotyrosine,  nor  compound (s)  3  were 
seen  in  the  plasma  extracts  of  any  of  the  animals.  The  presence  of  diiodo¬ 
tyrosine  in  Idood  plasma  was  claimed  by  several  authors  (Salter,  1941; 
Morton  et  al.,  1941),  but  methods  of  low  specificity  had  been  used.  The 
present  results  would  indicate  that  diiodotyro.sine  was  not  released  by  the 
thyroid  gland  into  the  circulation.  The  fate  of  this  substance  witliin  the 
thyroid — as  well  as  that  of  monoiodotyrosine  and  several  other  unknown 
compounds — may  be  to  umlergo  dehalogenation  with  release  of  iodide  to 
the  iodide  pool  of  the  gland.  An  alternative  possibility  is  a  reincorporation 
of  these  amino-acids  as  such  in  the  thyroglobulin  molecule. 

.\t  1  hour  after  injection  of  radio-iodide  to  the  animals  fed  a  diet  ade¬ 
quate  in  iodine,  notliing  but  radio-iodide  could  be  detected  in  the  blood 
(Fig.  2),  while  a  small  amount  of  thyroxine  was  present  in  the  thyroid.  As 
time  elapsed  and  the  amount  of  labeled  thyroxine  in  the  thyroid  increased 
(Figs.  3  and  5),  this  substance  appeared  in  the  plasma,  where  traces  of 
it  were  recognizable  at  3  hours  and  significant  amounts  were  found  at  24 
hours  (Fig.  6).  The  hypothesis  that  free  radiothyroxine  is  formed  in  the 
thyroid  before  passing  into  the  plasma  required  that  soon  after  adminis¬ 
tration  of  radio-iodine,  the  amount  of  radioactivity  per  unit  weight — or 
specific  activity — be  greater  in  the  thyroid  thyroxine  than  in  the  plasma 
thyroxine.  This  conclusion  may  indeed  be  drawn  from  the  present  residts 
for  the  following  reason.  Recent,  unpublished  iodine  determinations  re¬ 
vealed  that  the  intensity  of  the  thyroxine  spots  of  the  films  happened  to  be 
a  fair  index  of  the  specific  activity  of  this  substance.  Therefore,  it  appears 
correct  to  conclude  from  the  results  in  plate  1  that,  following  radio¬ 
iodine  injection,  radio-thyroxine  appears  in  the  thyroid  gland,  whence  it' 
moves  to  the  circulation. 

The  presence  of  both  thyroglobulin  and  de  Robertis’  proteolytic  enzyme 
in  the  colloid  of  the  thyroid  follicles  implied  that  thyroxine  was  formed 
from  the  interaction  of  these  two  substances  in  the  colloid,  and,  therefore, 
entered  the  circulation  by  passage  throuh  the  cytoplasm  of  the  cells. 
This  passage  was  favored  by  a  gradient  of  thyroxine  concentration  between 
gland  and  plasma.  If  the  results  of  the  unpublished  iodine  determinations 
quoted  above  were  recalculated  as  concentrations,  it  could  be  seen  that 
the  concentration  of  free  thyroxine  was  more  that  100  times  higher  in 
thyroid  than  in  plasma. 

The  sequence  of  events  was  less  distinct,  but,  as  far  as  could  be  ascer¬ 
tained,  identical  in  the  animals  on  a  low  iodine  intake.  There  was  a  higher 
uptake  of  radio-iodine  by  the  thyroid  (Table  2)  and  a  more  rapid  appear- 
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aiice  of  free  thyroxine  in  thyroid  and  plasma.  The  only  apparent  difference 
in  this  series  was  the  presence  in  the  plasma  of  a  large  amount  of  compound 
number  1.  This  substance  may  be  secreted  by  the  thyroid  gland  in  a  man¬ 
ner  similar  to  thyroxine.  An  alternative  possibility  was  that  compound 
number  1  was  a  degradation  product  of  thyroxine  resulting  from  the  me¬ 
tabolism  of  this  substance  within  or  outside  the  gland.  Unpublished  results 
showing  the  presence  of  this  substance  in  the  plasma  after  radio-thyroxine 
injection  into  thyroidectomized  animals  favor  the  latter  view.  At  any  rate, 
iodide,  thyroxine  and  compound  number  1  made  up  the  radioactivity  of 
the  butanol  extract  of  plasma. 

In  the  animals  on  a  moderately  high  iodine  intake,  there  was  a  smaller 
uptake  of  radio-iodine  (Table  2)  and  a  less  rapid  appearance  of  free  thyrox¬ 
ine  in  thyroid  and  plasma  than  in  the  other  groups,  but  the  sequence  of 
events  .seemed  to  be  unchanged. 

In  conclusion,  the  function  of  the  thyroid  gland  may  be  summarized  as 
follows.  Circulating  iodide  is  collected  by  the  thyroid  cells  and  promptly 
transformed  into  thyroglobulin.  Previous  results  had  shown  that  thyro- 
globulin  was  formed  in  the  cell  and  later  transferred  to  the  colloid  of  the 
thyroid  follicle.  An  enzymatic  system  present  in  the  colloid  hydrolyzes 
thyroglobulin  to  its  component  amino-acids,  thus  resulting  in  the  release 
of  monoiodotyrosine,  diiodotyrosine  and  thyroxine,  as  well  as  several 
unidentified  substances.  Some  time  after  thyroxine  can  be  detected  in  the 
thyroid,  this  substance  appears  in  the  circulation.  A  gradient  of  concen¬ 
tration  of  over  100:1  between  the  concentration  of  free  thyroxine  in  the 
thyroid  and  that  in  the  plasma  may  play  a  role  in  the  passage  of  this 
substance  into  the  circulation. 

SUMMARY 

•  The  formation  of  iodinated  substances  in  the  thyroid  gland  and  their 
eventual  passage  into  the  circulation  was  examined  in  rats  receiving  low, 
adequate  or  moderately  high  iodine  intakes.  The  animals  were  given  radio¬ 
iodine  and  sacrificed  at  15  minutes,  1,  3,  24,  or  48  hours.  Butanol  extracts 
of  their  thyroids  and  plasma  were  chromatographed  on  paper.  Radio¬ 
autographs  of  the  papers  were  then  obtained,  thus  making  it  possible  to 
detect  the  labeled  substances  formed  subsequent  to  the  injection  of  radio¬ 
iodine. 

The  thyroid  extracts  contain  iodide,  monoiodotyrosine,  diiodotyrosine, 
thyroxine  and  at  least  two  unidentified  iodine-containing  substances 
described  as  compounds  number  1  and  3.  Another  compound  (number  5) 
may  be  identified  as  elemental  iodine,  but  its  pre.sence  as  such  in  the  thy¬ 
roid  gland  is  not  yet  definitely  proved  by  the  available  data. 
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The  plasma  extracts  contain  only  iodide,  thyroxine  and,  at  least  in 
iodine  deficient  rats,  compound  number  1. 

The  results  suggest  that  the  specific  activity  of  the  free  thyroxine  is  at 
first  higher  in  the  thyroid  than  in  the  plasma  and  later  becomes  approxi¬ 
mately  equal  in  both.  Thus,  the  free  thyroxine  in  the  thyroid  gland  would 
appear  to  be  the  precursor  of  that  in  the  plasma.  The  passage  of  thyroxine 
from  gland  to  plasma  is  facilitated  by  a  concentration  gradient  of  over 
100:1. 

It  is  concluded  that  thyroglobulin,  after  passing  from  the  thyroid  cell 
into  the  colloid,  undergoes  proteolysis  with  the  release  of  its  iodinated 
components.  Of  these,  thyroxin  (and  possibly  the  unknown  compound, 
number  1)  is  excreted  into  the  plasma. 
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MAINTENANCE  OF  PREGNANCY  IN  PYRIDOXINE- 
DEFICIENT  RATS  WHEN  INJECTED  WITH 
ESTRONE  AND  PROGESTERONE' 

MARJORIE  M.  NELSON,  WILLIAM  R.  LYONS, 

AND  HERBERT  M.  EVANS 

Institute  of  Experimental  Biology  and  Division  of  Anatomy, 

I'niversity  of  California,  Berkeley,  California 

PREVIOUS  studies  have  shown  that  the  addition  of  a  pyridoxine 
antagonist  (desoxy pyridoxine)  to  a  pyridoxine-deficient  diet  resulted 
in  a  higli  incidence  of  resorptions  when  normal  adult  rats  were  placed  on 
such  a  diet  only  10  to  20  days  prior  to  breeding  (Nelson  and  Evans,  1948, 
1951).  Supplementation  with  pyridoxine  on  the  day  of  breeding  counter¬ 
acted  the  adv'erse  effects  of  the  antagonist.  This  was  true  even  in  pair- 
fed  control  animals  for  which  the  food  intake  averaged  56%  of  that  con¬ 
sumed  by  control  rats  giv'en  the  diet  ad  libitum  (Nelson  and  Evans,  1951). 

The  early  appearance  of  vaginal  erythrocytes  and  the  extreme  rapidity 
of  the  resorptive  process  in  these  deficient  rats  together  with  the  early 
loss  of  the  estrous  cycles  in  the  unbred  rats  suggested  tlie  possibility  of 
hormonal  deficiencies  in  these  animals.  Lyons  (1943)  has  shown  that  daily 
injections  of  1  mK-  estrone  and  3-4  mg.  progesterone  will  maintain  preg¬ 
nancy  in  hypophysectomized  and  oophorectomized  rats.  It  was  conse¬ 
quently  thought  desirable  to  test  the  efficacy  of  these  hormones  both  singly 
and  in  combination  in  pyridoxine  deficient  rats. 

EXPERIMENTAL  METHODS 

Stock  rats  of  the  Long-Evans  strain  were  placed  on  the  Be-deficient  diet  containing 
the  antagonist  at  80-90  days  of  age.  After  1 7  days  of  deficiency,  the  rats  were  bred  with 
normal  males  and  divided  into  equivalent  groups  as  judged  by  body  weight  on  the  day 
of  breeding.  This  experimental  procedure  has  been  shown  previously  to  result  in  90-100% 
resorptions  of  the  deficient  rats  (Nelson  and  Evans,  1951).  Vaginal  smears  were  examined 
daily  during  gestation  for  the  presence  of  erythrocytes,  the  sign  that  implantation  had 
occurred.  All  rats  were  weighed  at  regular  intervals.  The  progres.sive  growth  or  resorj)- 
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tion  of  tlie  uterine  contents  were  checked  frequently  by  gentle  palpiition.  All  rats  were 
antopsied  on  the  IGth-lSth  days  of  gestation'*;  implantation  sites,  fetuses,  aiul  ovaries 
were  carefully  examined.  For  some  groups,  implantation  sites  were  measured  (antero¬ 
posterior  diameter)  and  the  ovaries  weighe<l  and  fixed  for  histological  examination. 

.\11  injections  were  started  li-b  ilays  after  the  day  of  l)reeding,  i.e.  the  day  of  finding 
s))erm  ii\  the  vaginal  smear.  The  hormones,  estrone  and/or  ])rogosterone,  were  injected 
subcutaneously  in  U.2-0.3  cc.  of  sesame  oil,  and  an  equivalent  amount  of  sesame  oil  was 
also  given  to  one  group.  Since  it  was  i)ossil)le  to  l)reetl  only  oU%  or  less  of  tlie  deficient 
animals  in  an3'  large  group  of  30  to  00  rats,  four  separate  experiments  were  carried  out. 
In  each  experiment  one  or  two  hormone-injected  groups  were  studied  together  with  an 
uninjected  or  sesame  oil-injected  group  and  usuallj’  a  ])yridoxine-sui)plemented  gro\ip. 

The  Be-deficient  diet  containing  the  antagonist  was  the  same  as  that  used  previouslj' 
(Nelson  and  Evans,  1948,  1951).  It  consisted  of  24%  alcohol-extracted  casein,  04% 
sucrose,  8%  hj'drogenated  cottonseed  oil  (Crisco  or  Piiinex),  4%  salts**,  and  0.5  mg.% 
de.soxypyridoxine.  Crystalline  vitamins  per  kilogram  of  diet  were:  300  ;ug.  d-biotin,  5 
mg.  2-methyl-l,  4-naphthoquinone,  5  mg.  thiamine  HCl,  5.5  i)teroj’lglutamic  acid, 
10  mg.  riboflavin,  10  mg.  p-aminobenzoic  acid,  20  mg.  nicotinic  acid,  50  mg.  d-calcium 
pantothenate,  400  mg.  inositol  and  1.0  gm.  choline  chloride.  5  mg.  pjoidoxine  H('l  per 
kilogram  was  added  to  the  diet  for  the  control  group.  Each  rat  received  weekly’  a  fat- 
soluble  vitamin  mixture  containing  800  U.S.P.  units  vitamin  A,  1 15  chick  units  Vitamin 
D,  6  mg.  synthetic  alpha-tocopherol,  and  650  mg.  corn  oil  (Mazola). 

RESULTS 

Table  1  summarizes  the  data  from  the  four  experiments.  The  deficient 
rats  uninjected  or  injected  with  sesame  oil  sliowed  00%  resorptions  with 
the  early  appearance  of  erythrocytes  in  the  vaginal  smear  (average  day 
10.8)  and  evidence  of  the  extremely  rapid  resorptive  process.  Implantation 
sites  were  not  observed  in  the  majority  of  rats  even  though  autopsies 
were  performed  on  the  16th-18th  days  of  gestation.  The  average  number  of 
implantation  sites  for  these  26  rats  was  only  3.2  ±0.9  per  rat.  These  results 
may  be  compared  with  the  pyridoxine-supplemented  group,  some  of  which 
were  placed  on  the  supplemented  diet  as  late  as  o  days  after  breeding.  In 
this  group  100%  of  the  rats  had  living  young  at  autopsy  and  erythrocytes 
appeared  in  the  vaginal  smear  at  the  normal  time  (Day  12.6).  The  number 
of  implantation  sites  and  living  young  per  rat  were  normal,  i.e.  9.4  and  8.2, 
respectively.  The  gain  in  weight  of  6o  grams  during  the  17-day  gestation 
period  for  the  supplemented  group  is  in  marked  contrast  with  the  bare 
maintenance  of  weight  for  the  deficient  rats. 

The  injection  of  either  estrone  (1  mS-  daily)  or  progesterone  (4  mg.  daily) 

*  It  has  been  previously  pointed  out  (Nelson  and  Evans,  1951)  that  the  rapidity  of 
the  resorptive  process  in  IVdeficient  rats  is  such  that  delaying  the  autopsy  until  the  end 
of  gestation  resulted  in  a  complete  absence  of  implantation  sites  in  many  cases.  It  was 
thought  that  an  earlier  autopsy,  i.e.  16th  to  18th  days,  might  yield  more  information  on 
varying  degrees  of  maintenance  of  the  conceptus. 

**  Salts  No.  4  of  Hegsted  et  al.  (1941). 
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alone  did  not  maintain  pregnancy  in  the  deficient  rats.  In  the  estrone 
group,  the  percentage  of  implantations  was  slightly  less  than  normal  and 
erythrocytes  appeared  slightly  earlier  than  normal.  Very  small  implanta¬ 
tion  sites  (0.2  cm.  average),  composed  principally  of  “metrial  gland”  rem¬ 
nants,  were  observed  in  the  majority  of  the  rats  that  implanted,  thus  in¬ 
creasing  the  number  of  implantation  sites  from  that  observed  in  the  unin¬ 
jected  or  .se.same  oil  group  to  6.5  per  rat.  A  majority  of  the  animals  showed  a 
cornified  vaginal  smear  for  1-10  days  after  injections  were  started  and  half 
of  the  animals  showed  an  estrous  uterus  at  autopsy.  In  the  progesterone 
group  the  percentage  of  implantations  and  the  time  of  appearance  of  vagi¬ 
nal  erythrocytes  were  in  the  normal  range.  Implantation  sites  were  ob¬ 
served  in  all  animals  (7.4  per  rat)  and  the  size  of  the  sites  (0.4  to  1.4  cm.) 
was  markedly  increased  in  comparison  with  either  the  uninjected  animals 
or  the  group  injected  with  estrone. 

The  combined  injection  of  1  /xg.  estrone  and  4  mg.  progesterone  was 
markedly  beneficial.  Pregnancy  w'as  maintained  in  90%  of  the  animals 
although  there  was  no  significant  increase  in  body  weight  during  gestation. 
The  percentage  of  implantations  and  the  time  of  erythrocyte  appearance 
were  normal  as  well  as  the  number  and  size  of  the  implantation  sites.  The 
number  of  living  young  per  litter  was,  however,  only  about  half  the  normal 
value,  i.e.,  3.8  vs.  8.2. 

Pregnancy  was  maintained  in  only  one-third  of  the  deficient  animals 
receiving  a  higher  level,  2-3  pg.,  of  estrone  with  4  mg.  progesterone  and  the 
number  of  living  young  per  litter  was  not  significantly  increased.  When 
the  estrone  level  was  increased  to  6  mS-  and  given  in  combination  with  4 
mg.  progesterone  no  maintenance  of  pregnancy  was  shown.  The  size  of 
the  implantation  sites  was  greater  and  there  was  less  failure  of  implantation 
than  in  rats  injected  with  estrone  alone.  The  exceedingly  early  appearance 
of  vaginal  erythrocytes  before  the  10th  day  in  this  group  should  be  noted. 

Ovarian  weights  for  the  deficient  groups  with  or  without  hormone  injec¬ 
tions  showed  marked  variability  but  no  significant  differences  between 
groups.  Histological  studies  of  the  ovaries  from  deficient  rats  in  which 
resorption  had  occurred  revealed  degeneration  of  corpora  lutea  whereas 
these  structures  appeared  essentially  normal  in  deficient  rats  in  which  preg¬ 
nancy  had  been  maintained.  This  was  regarded  as  evidence  of  leuteotrophic 
function  of  the  placenta. 


DISCUSSION 

The  data  presented  in  this  study  demonstrate  that  pregnancy  was 
maintained  for  at  least  17  days^  in  90%  of  the  pyridoxine-deficient  rats 

^  In  a  preliminary  experiment,  the  injection  of  these  hormones  maintained  pregnancy 
to  term  and  normal  parturition  occurred. 
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l)y  the  daily  injections  of  1  /xg.  estrone  and  4  mg.  progesterone.  Increasing 
the  level  of  estrone  (2  -3  mK-)  while  maintaining  the  same  level  of  progester¬ 
one  was  not  as  beneficial  although  pregnancy  was  maintained  in  22-44% 
of  the  animals.  A  higher  level  of  estrone  (fi  mK-)  combined  with  4  mg. 
progesterone  was  not  beneficial  nor  was  the  injection  of  either  hormone 
separately. 

These  results  clearly  indicate  hormonal  inadequacies  of  the  pyridoxine 
deficient  rat  and  demonstrate  a  relationship  between  the  vitamin,  pyri¬ 
doxine,  and  the  sex  hormones,  estrone  and  progesterone.  This  relationsliip 
could  be  concerned  with  (1)  the  pituitary  production  and  secretion  of 
gonadotropic  hormones  (FSH,  ICSH,  and  lactogenic  hormone)  which 
control  the  ovary  and  cause  secretion  of  estrone  and  progesterone;  (2) 
the  production  and  secretion  of  the  ovarian  hormones;  (3)  an  increased 
requirement  or  a  decrease  in  the  sensitivity  of  the  target  organs,  uterus 
and  placenta,  for  the  ovarian  hormones;  (4)  the  placental  production  of 
hormones;  or  (5)  increased  destruction  or  excretion  of  the  pituitary,  ovarian 
or  placental  hormones  before  utilization.  Any  combination  of  these  factors 
could  also  be  possible.  In  regard  to  the  sensitivity  of  the  target  organs  for 
the  ovarian  hormones  the  data  presented  show  that  the  pyridoxine- 
deficient  rat  responded  to  the  same  levels  of  estrone  and  progesterone  as  the 
hypophysectomized-oophorectomized  rat  (Lyons,  1943).  In  addition,  the 
majority  of  deficient  rats  injected  with  estrone  alone  responded  with  a 
cornified  vaginal  smear  and  some  with  an  estrous  uterus. 

Under  the  experimental  conditions,  these  Be-deficient  rats  resemble  the 
hypophysectomized-oophorectomized  rat,  i.e.  pregnancy  can  be  main¬ 
tained  by  the  combination  of  hormones  but  not  by  either  hormone  sepa¬ 
rately.  The  sex  hormonal  deficiencies  of  the  Be-deficient  rat  apparently 
are  almost  but  not  always  as  great  as  in  the  hypophysectomized-oopho- 
rectomized  rat.  This  is  indicated  by  the  complete  absence  of  implantation 
sites  in  hypophysectomized-oophorectomized  rats  either  uninjected  or  in¬ 
jected  with  estrone  in  contrast  to  the  occasional  presence  of  implantation 
sites  in  the  uninjected  Be-deficient  rats  and  the  presence  of  sites  in  the  ma¬ 
jority  of  Be-deficient  rats  injected  with  estrone.  An  additional  difference 
is  the  bare  maintenance  of  weight  in  the  Be-deficient  injected  rats  in  which 
pregnancy  is  maintained  in  contrast  to  the  gain  in  weight  of  the  injected 
hypophysectomized-oophorectomized  rats  in  which  pregnancy  is  main¬ 
tained  (Lyons,  1943). 

The  individual  variation  in  hormonal  deficiency  in  this  experimentally- 
timed  Be-deficiency  is  obviou.sly  great  despite  all  efforts  to  standardize  the 
animals.  Approximately  half  of  the  rats  lose  their  estrous  cycles  in  the  3rd 
to  4th  week  of  the  deficiency  and  cannot  be  bred;  these  animals,  therefore, 
are  more  deficient  in  hormones  than  the  rats  which  have  been  bred  during 
this  period.  A  few  animals  have  sufficient  hormones  for  regular  cycles  as 
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judged  J)y  the  vaginal  smear  technique  hut  fail  to  breed  due  to  lack  of  be¬ 
havioristic  estrus.  The  group  of  successfully  bred  rats  have  sufficient  hor¬ 
mones  to  permit  cycles,  ovulation  and  implantation  but  not  to  permit 
maintenance  of  pregnancy  except  for  approximately  one  rat  in  ten.  This 
failure  may  be  either  the  additional  period  of  time  on  the  deficient  diet  or 
the  added  demands  of  the  conceptus.  Mention  has  been  made  of  the  com¬ 
plete  absence  of  implantation  sites  in  the  hypophysectomized-oophorecto- 
mized  rat  in  contrast  to  the  occurrence  of  implantation  sites  in  approxi¬ 
mately  one-third  of  the  deficient  rats.  These  few  rats  with  implantation 
sites  presumably  had  .slightly  more  circulating  hormones  than  the  rats  in 
which  no  .sites  were  ob.serv^ed.  Likewise,  75%  of  the  deficient  rats  injected 
with  estrone  alone  must  have  had  .some  progesterone  present  to  maintain 
implantation  sites  in  contrast  to  the  remaining  25%  of  the  group  in  which 
no  sites  were  present. 

Furthermore,  in  the  bred  rats  injected  with  estrone  and  progesterone 
the  products  of  conception  were  maintained  to  a  varying  degree.  One  rat 
in  ten  resorl)ed  regardless  of  the  presence  of  presumably  adequate  ovarian 
hormones.  In  the  rats  in  which  pregnancy  was  maintained  the  number  and 
size  of  the  implantation  sites  were  normal  but  the  number  of  living  young 
per  litter  was  le.ss  than  half  of  the  normal  value.  This  failure  may  be  ex¬ 
plained  on  the  basis  of:  (1)  Excessive  dosage  or  the  wrong  balance  of  estrin 
and  progestin  from  three  sources — injection,  ovaries  or  placentae,  (2)  a 
deficiency  of  hormones  other  than  those  mentioned;  or  (8)  an  injurious 
effect  of  the  vitamin  deficiency  on  the  placenta,  fetus  or  some  mechanism 
other  than  that  of  hormone  production.  In  addition,  the  hormone  injec¬ 
tions  did  not  maintain  the  normal  gain  in  weight  during  gestation  nor  were 
any  beneficial  effects  noted  on  the  marked  and  specific  acrodynia  that 
develops  rapidly  in  these  deficient  animals.  Although  the  ovarian  failure 
in  these  Be-deficient  rats  has  been  corrected  by  administering  the  two  fe¬ 
male  sex  hormones,  other  symptoms  of  the  deficiency  have  not  been  cor¬ 
rected. 

Little  can  be  said  at  present  in  regard  to  the  specificity  of  this  relation¬ 
ship  of  pyridoxine  to  the  sex  hormones  during  pregnancy.  Injection  of  these 
two  hormones,  either  separ’ately  or  combined,  have  not  maintained  preg¬ 
nancy  in  rats  deficient  in  pantothenic  acid  or  in  pteroylglutamic  acid\ 
Previous  attempts  to  maintain  pregnancy  in  vitamin  E-deficient  rats  by 
these  hormones  but  not  in  the  combinations  reported  here  have  also  failed, 
e.g.  Ershoff  (1943). 

SUMMARY 

Pregnancy  was  maintained  to  the  17th  day  of  gestation  in  90%  of 
pyridoxine-deficient  rats  by  injection  of  1  Mg-  estrone  plus  4  mg.  progestei- 

*  Nelson  and  Evans,  unpublished  experiments. 


732 


NELSON,  LYONS  AND  EVANS 


Volume  41^ 


one  daily  but  not  by  either  hormone  separately.  In  contrast,  deficient  rats 
uninjected  or  injected  with  sesame  oil  av’eraged  only  10%  maintenance 
of  pregnancy  under  the  same  experimental  conditions.  Other  combinations 
of  estrone  with  progesterone  were  not  as  beneficial. 

The  results  clearly  indicate  an  inadequacy  in  the  secretion  of  tlie  ovar¬ 
ian  hormones  in  pyridoxine  deficiency.  Tlie  Bfi-deficient  rat  may  be  com¬ 
pared  with  the  hypophysectomized-oophorectomized  rat  in  which  preg¬ 
nancy  is  maintained  by  injection  of  the  same  hormones  at  the  same  levels. 

Further  work  now  in  progress  with  pituitary,  ovarian  and  placental 
hormones  may  throw  more  light  on  this  vitamin-hormone  interrelationship. 
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PR()(;ESTKR()XE  of  the  blood  ix  the  mexstrual 
(T(tt:  of  the  moxkey* 

F.  E.  BRYAXS’ 
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Advances  in  our  knowledge  of  the  pliysiology  of  estrous  and  men- 
L  strual  cycles  have  been  hampered  by  a  lack  of  reliable,  (piantitative 
methods  for  tlie  detection  and  assay  of  progesterone  in  small  amounts  of 
blood.  Methods  for  the  measurement  of  pregnandiol  and  otlier  excretory 
metabolites  of  progesterone  have  been  useful  but  are  of  limited  quanti¬ 
tative  value  and  are  not  suital)le  to  all  species  of  mammals  ( Pincus,  1948). 
The  bio-assay  technique  recently  devised  by  Hooker  and  Forbes  (1947) 
seems  to  fulfill  the  requirements  of  a  quantitative  micro-metliod  and  at 
the  same  time  is  apparently  specific  for  progesterone  and  thus  ol)viating 
the  presence  of  other  steroid  hormones  that  may  be  in  the  test  material 
(Hooker  and  FoiLes,  1949).  Therefore,  this  procedure  was  used  in  the 
present  investigation. 

The  purpose  of  this  study  was  to  determine  tlie  time  of  appearance  and 
the  amount  of  progesterone  in  the  blood  serum  of  normal  adult  monkeys 
(Macaca  mulatta)  during  the  menstrual  cycle.  In  addition,  observations 
were  made  on  the  effects  of  prolactin  and  chorionic  gonadotropin  (PU)  on 
tlie  functional  life  of  the  corpus  luteum. 

THE  XORM.\L  MENSTRUAL  CYCLE 

Three  mature  monkeys  that  had  just  completed  at  least  six  normal 
menstrual  cycles  were  used  in  the  experiments.  Blood  samples  were  drawn 
from  a  superficial  vein  of  the  arm  and  tlie  serum  separated  by  centrifuging 
and  stored  in  a  deep  freezing  unit  until  used  in  the  assay. 

The  assay  technique  employed  closely  followed  tliat  described  by 
Hooker  and  Forbes  (1947)  with  the  exception  that  blood  serum  was  used 
instead  of  an  extract  dissolved  in  sesame  oil.  In  brief,  the  procedure  con- 
si.sted  of  the  microinjection  of  .0000  ml.  of  a  known  dilution  of  .serum  into 
the  lumen  of  an  isolated  segment  of  the  uterus  of  a  mouse  that  had  been 
castrated  at  least  sixteen  days  previously.  Forty-eight  hours  later  tlie  ani¬ 
mal  was  killed  and  the  uterus  removed  for  sectioning.  A  positive  response 
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being  indicated  by  a  cliaracteristic  reparative  clmnge  in  tlie  atrophic  nuclei 
of  tlie  stromal  cells  of  the  endometrium.  The  intra-uterine  injections  of 
serum  diluted  with  normal  saline  were  made  until  the  minimal  effective 
dose  was  obtained.  The  scale  of  dilutions  employed  was:  undiluted  serum, 
1  ;R,  1  :b,  1  :tS  and  1  :d().  It  has  been  shown  that  the  presence  of  0.8^1  Mf?- 
of  fre(‘  progesterone  per  ml.  of  serum  can  be  detected  by  this  procedure. 


The  data  obtained  for  the  normal  cycles  of  the  three  monkeys  are  in 
general  agreement  as  to  the  time  of  appearance  and  disappearance  of  pro¬ 
gesterone  and  its  concentration  in  the  blood  at  various  times  of  the  cycle 
(Fig.  1).  The  only  exceptions  to  this  are  the  relatively  high  concentration 
on  the  12th  day  for  monkey  160  and  the  relatively  low  concentration  on  the 
20th  day  for  monkey  162.  In  the  case  of  162,  though  the  daily  fluctuation 
of  progesterone  in  the  blood  is  not  known,  the  wide  difference  between  that 
of  the  20th  and  21st  days  suggests  the  possibility  that  the  low  reading  on 
the  20th  might  have  been  due  to  a  technical  error.  The  variation  on  the 
12th  day  for  160  is  one  of  degree  in  that  all  three  animals  showed  an  in¬ 
crease  in  progesterone  at  this  time  of  the  cycle.  The  striking  agreement  be¬ 
tween  these  results  and  those  obtained  by  Forbes,  et  al.  (1950)  from  a 
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similar  study  of  tlie  cycles  of  two  monkeys  indicates  that  prol)a))ly  these 
observations  show  at  least  the  general  character  of  the  fluctuation  of  the 
concentration  of  progesterone  in  the  blood  during  the  menstrual  cycle. 

The  presence  of  progesterone  during  the  follicular  half  of  the  cycle  is  a 
point  of  considerable  interest  and  especially  its  early  appearance  following 
menstruation.  These  data  (Fig.  1)  were  supplemented  by  several  assays  for 
other  animals  and  they  indicate  quite  con.sistently  that  progesterone  regu¬ 
larly  attains  a  concentration  of  about  1  mK-  nil.  of  serum  by  the  end  of 
the  first  week  of  the  cycle. 

Another  feature  common  to  the  three  cycles  is  a  decrease  in  progesterone 
on  the  Kith  and  17th  days.  This  apparently  occurs  shortly  after  ovulation. 
There  seems  no  obvious  explanation  for  this,  though  at  this  time  the  granu¬ 
losa  of  the  ruptured  follicle  must  be  undergoing  transformation  into  luteal 
tissue  and  the  associated  rapid  growth  might  interfere  with  secretion. 
This  period  of  low  concentration  of  progesterone  is  followed  by  an  increase 
in  each  of  the  three  animals  until  a  maximum  concentration  is  reached  on 
the  20th  or  21st  day,  after  which  there  is  apparently  a  more  gradual  decline, 
terminating  in  readings  that  show  little  or  no  progesterone  in  the  blood  at 
the  beginning  of  menstruation. 

PROLAC  TIN  AND  CHORIONIC  GONADOTROPIN 

The  influence  of  these  two  luteotropic  hormones  on  the  functional  life 
of  the  corpus  luteum  in  monkeys  has  been  reported  (Hisaw,  1944)  and 
advantage  was  taken  of  the  present  technicpie  to  follow  the  progesterone 
levels  in  the  blood  of  animals  given  similar  treatments.  Four  monkeys  were 
used  for  this  purpose,  three  of  which  were  the  same  as  those  used  in  the 
studies  on  progesterone  in  the  blood  during  the  normal  menstrual  cycle. 
The  presence  of  a  functional  corpus  luteum  in  each  animal  was  established 
by  laparotomy  at  the  lieginning  of  the  experiment  between  the  18th  and 
22nd  day  of  the  cycle.  The  hormones  were  dissolved  in  0.9%  saline  no 
longer  than  48  hours  prior  to  injection.  The  dosage  for  the  chorionic  gon¬ 
adotropin  was  loot)  i.u.  given  subcutaneously  once  daily  while  400  i.u.  of 
prolactin  was  injected  sulicutaneously  in  two  divided  doses  morning  and 
evening. 

The  menstrual  cycles  of  the  four  animals  given  prolactin  were  not  pro¬ 
longed  beyond  their  normal  length,  thus  agreeing  with  the  previous  ol)- 
servations  by  Hisaw  (1944).  The  progesterone  of  the  lilood  rose  from  an 
initial  low  level  at  the  beginning  of  the  experiments  to  a  maximal  concen¬ 
tration  corresponding  approximately  in  time  of  occurrence  to  the  peak 
levels  seen  in  the  three  normal  cycles  though  the  readings  were  not  (piite 
as  high  (Fig.  2).  The  premenstrual  fall  seen  in  each  case  was  also  like  that 
of  the  normal  cycle  though  in  one  animal  (194)  bleeding  occurred  when  the 
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blood  progesterone  level  was  2  mK-  per  ml.  It  is  worth  mentioning  that  in 
this  instance  the  menstrual  blood  loss  was  very  slight,  and  was  seen  on 
only  one  day. 

The  injections  of  prolactin  were  started  on  the  18th  and  19th  day  of  the 
cycle  which  may  account  for  the  low  levels  of  progesterone  at  the  beginning 
of  the  experiments.  These  days  correspond  approximately  with  the  time  in 


the  three  normal  cycles  at  which  an  apparent  post-ovulatory  decrease  in 
progesterone  takes  place.  It  is  of  interest  that  all  showed  an  increase  of 
progesterone  while  receiving  prolactin  though  for  monkey  157  the  two 
blood  samples  taken  between  laparotomy  and  bleeding  indicate  that  it 
did  not  rise  above  2  ng.  per  ml.  The  fact  that  corpora  lutea  were  known  to 
be  present  in  these  animals  suggests  a  rather  wide  variability  in  luteal 
function.  This  monkey  (157)  also  showed  the  least  progesterone  of  the  three 
animals  used  in  the  study  of  the  normal  cycle  and  less  than  monkey  160 
when  given  chorionic  gonadotropin. 

In  two  animals,  157  and  162,  taking  of  blood  samples  was  continued 
following  menstruation  and  cessation  of  injections  of  prolactin.  In  both 
instances,  progesterone  reappeared  in  the  blood  within  five  days  after 
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bleeding.  These  observations  are  in  agreement  with  those  made  in  the 
studies  of  the  normal  cycles  of  untreated  monkeys. 

The  menstrual  cycles  of  the  two  animals  given  chorionic  gonadotropin 
were  definitely  prolonged  (Fig.  3).  The  experimental  cycle  of  monkey  157 
was  36  days  and  that  of  160  was  32  days.  The  average  length  of  the  six 
prevdous  cycles  for  these  two  animals  was  26.2  days  (157)  and  25.6  days 
(160).  The  response  of  both  animals  was  similar  in  that  menstruation  was 


Fig.  3 


postponed  but  they  differed  with  regard  to  the  amount  of  progesterone  in 
the  blood.  Monkey  157  had  6  jug.  of  progesterone  per  ml.  of  serum  when 
the  injections  of  chorionic  gonadotropin  were  started  on  the  22nd  day  of 
the  cycle  and  this  concentration  was  maintained  until  the  28th  day.  This 
animal  also  had  the  same  amount  of  progesterone  in  the  blood  on  the  21st 
day  of  the  normal  cycle  (Fig.  1).  Therefore,  it  seems  probable  that  luteal 
function  was  at  its  maximum  at  the  beginning  of  the  experiment  and  con¬ 
tinued  at  this  level  for  about  one  week. 

The  reaction  of  monkey  160  is  more  difficult  to  explain.  There  were  2  jug. 
of  progesterone  per  ml.  of  serum  when  the  experiment  was  started  on  the 
19th  day  while  on  the  20th  day  of  the  normal  cycle  (Fig.  1)  there  were  10 
jug.  per  ml.  The  19th  day  seems  rather  late  for  the  post  ovulatory  decrease 
in  progesterone  as  seen  in  the  normal  cycles  yet  it  is  possible  that  in  this 
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instance  ovulation  might  have  been  delayed  two  or  three  days.  Some 
credence  is  given  to  this  explanation  by  the  fact  that  the  corpus  luteum 
evidently  had  not  attained  maximal  capacity  to  secrete  as  shown  by  the 
subsequent  increase  of  progesterone  in  the  blood. 

DISCUSSION 

While  it  may  be  premature  to  contend  that  the  data  presented  are 
(piantitatively  exact,  it  does  seem  reasonably  certain  that  they  do  at  least 
indicate  the  general  fluctuation  in  concentration  of  progesterone  in  the 
blood  during  the  normal  menstrual  cycle  and  under  the  experimental  con¬ 
ditions  investigated.  This  latter  view  is  supported  by  the  obvious  fact  that 
the  maximal  concentration  of  progesterone  occurs  in  the  blood  during  the 
luteal  phase  of  the  cycle,  as  .should  be  expected,  and  is  almost  or  entirely 
ab.sent  at  the  onset  of  menstruation.  Also,  as  has  been  mentioned,  there 
is  agreement  between  these  observations  and  those  made  independently 
by  Forbes,  Hooker,  and  Pfeiffer  (1950). 

The  pre.sence  of  proge.sterone  during  the  follicular  phase  of  the  cycle 
probably  should  not  be  surprising  as  considerable  evidence  for  its  appear¬ 
ance  previous  to  ovulation  has  been  gathered  for  .several  species  of  mam¬ 
mals.  Ring  (1944)  in  mice,  Boling  and  Blandau  (1939)  in  rats  and  Dempsey 
et  al.  (1930)  in  guinea  pigs,  have  shown  that  optimal  sexual  receptivity  is 
conditioned  by  the  synergistic  action  of  progesterone  and  estrogen.  In  the 
rat,  Astw’ood  (1939),  studying  winter  content  of  the  uterus,  and  Everett 
(1943),  studying  ovulation,  have  suggested  release  of  progesterone  during 
the  period  of  pre-ovulatory  follicular  swelling.  The  cessation  of  uterine  mo¬ 
tility  between  the  fifth  and  seventh  hour  after  copulation  in  the  rabbit  can 
best  be  explained  by  the  release  of  progesterone  as  was  described  by  Rey¬ 
nolds  and  Friedman  (1930). 

In  the  human  being  Smith,  Smith  and  Schiller  (1942),  studying  urinary 
estrogen  excretion,  suggest  that  progesterone  might  be  present  as  early  as 
the  7th  day  of  a  28  day  cycle.  Wilson  et  at.  (1939)  and,  more  recently,  Davis 
and  Fugo  (1948)  have  reported  the  excretion  of  small  but  significant 
amounts  of  pregnandiol  in  women  during  the  first  part  of  the  menstrual 
cycle.  Hooker  and  Forbes  (1947),  u.sing  the  bio-assay  employed  in  this 
study,  detected  progesterone  in  the  pre-ovulatory  follicular  fluid  of  the 
.sow  ovary. 

Despite  the  rather  impressive  evidence  that  progesterone  appears  pre¬ 
vious  to  ovulation,  there  is  relatively  little  data  on  the  anatomical  basis 
of  such  secretion.  However,  the  most  probable  .source  seems  to  be  the  ovary. 
The  absence  of  progesterone  in  the  blood  of  castrated  animals,  and  normal 
animals  during  menstruation,  as  well  as  juvenile  monkeys  with  a  well 
developed  sexual  skin,  speaks  against  an  extra-ovarian  source.  On  the  other 
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Imnd,  early  luteal  eliaiiges  have  been  reported  present  in  the  walls  of  iin- 
ruptiired  follicles  in  the  late  pre-ovidatory  sta^o.  Such  ol)servations  have 
been  made  in  the  mouse  (Allen,  lt)41),  the  rat  (Boling  ei  al.  11141),  the  cal 
(Dawson  and  Friedgood,  11)40),  the  monkey  (Corner,  ll)4o),  and  in  tlie 
mare  (Seaborn,  1925).  Therefore,  it  seems  most  likely  that  the  presence  of 
progesterone  in  the  blood  as  early  as  the  first  week  of  the  menstrual  cycle 
can  best  be  explained  by  the  assumption  that  the  follicle  attains  a  degree  of 
competence  to  secrete  progesterone  previous  to  ovulation  and  definite 
luteinization. 

The  significance  of  the  decrease  in  progesterone  on  the  sixteenth  and 
seventeenth  days  is  difficult  to  assess.  This  drop  apparently  coincides  with 
the  early  post-ovulatory  period,  A  possible  explanation  is  that  at  this  time 
the  granulosa  of  the  ruptured  follicle  must  be  undergoing  transformation 
into  luteal  tissue  and  the  associated  rapid  growth  might  interfere  with  se¬ 
cretion. 

That  the  secretory  life  of  the  corpus  luteum  is  prolonged  under  the  in-  » 

fluence  of  injections  of  chorionic  gonadotropin  is  demonstrated  by  the 
maintained  levels  of  progesterone  beyond  the  normal  limit  of  the  cycle. 

This  corroborates  earlier  observations  (Hisaw,  1944)  on  monkeys  similarly 
treated  in  which  a  lengthening  of  the  cycle  w'as  associated  with  progesta¬ 
tional  endometria  and  other  luteal  effects. 

The  amounts  of  progesterone  indicated  as  being  present  at  different 
times  of  the  menstrual  cycle  probably  should  not  be  considered  as  (pianti- 
tatively  exact  until  more  is  known  regarding  the  accuracy  of  the  assay 
method  as  used  in  these  experiments.  However,  there  seems  less  reason  to 
doubt  the  qualitative  significance  of  the  data  and  if  this  technique  proves 
as  specific  for  progesterone  as  it  now  seems  it  will  be  a  valuable  aid  in 
studies  of  ovarian  physiology  and  related  problems. 

SUMMARY 

The  concentration  of  progesterone  in  the  blood  during  normal  and  experi¬ 
mental  menstrual  cycles  in  monkeys  was  determined  by  the  bio-assay 
method  devised  by  Hooker  and  Forbes.  There  was  general  agreement 
between  results  obtained  from  studies  of  normal  cycles  of  three  animals. 

Progesterone  disappeared  from  the  blood  either  immediately  before  or 
during  menstruation  and  reappeared  in  detectable  amounts  within  the 
first  week  of  the  cycle.  This  was  followed  by  an  increase  in  concentration 
toward  the  end  of  the  follicular  phase  at  a  point  corresponding  approxi¬ 
mately  with  the  time  of  expected  ovulation.  This  rise  was  followed  by  a 
decline  until  about  the  Kith  or  17th  day  which  was  succeeded  by  a  rapid 
increase  until  the  maximal  concentration  of  progesterone  w^as  attained 
near  the  middle  of  the  luteal  phase.  During  the  last  half  of  the  luteal  phase 
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the  amount  of  progesterone  in  the  blood  decreased  and  was  usually  absent 
at  the  beginning  of  menstruation. 

The  secretory  life  of  the  corpus  luteum  was  not  prolonged  in  four 
monkeys  that  were  given  prolactin  during  the  luteal  phase  of  the  cycle. 
Menstruation  occurred  at  the  normal  time  and  was  preceded  by  tlie  usual 
decrease  of  progesterone  in  the  blood. 

The  menstrual  cycles  of  two  monkeys  given  chorionic  gonadotropin 
were  prolonged  .seven  and  ten  days  beyond  the  expected  normal  duration. 
That  this  was  due  to  a  prolongation  of  luteal  function  was  indicated  by 
the  continued  presence  of  progesterone  in  the  blood. 
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THE  L\FLUEX(T:  of  the  adrenal  C'ORTEX  ox 
ANTIBODY  PRODUCTION  L\  VITRO^ 
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{'nirersitu  of  Cnlifornin,  Los  Angele.'i  24.  Californio 

INVESTIOATIONS  of  tlie  possible  iiiHueiiee  of  the  adrenal  cortical 
secretions  on  the  production  and  release  of  aidihodies  in  vivo  have 
produced  conflicting;  results.  It  has  been  reported  that  adrenalectomy  prior 
to  immunization  reduces  (Dougherty,  C'hase,  and  Wliite,  lfl4o),  increases 
(Murphy  and  Sturm,  1947),  or  fails  to  alter  (Eisen  et  al.,  1947;  Thatcher, 
Houghton,  and  Ziegler,  1948;  Stoerk  and  Solotorovsky,  19')0)  tlie  sub¬ 
sequent  course  of  the  immune  response.  Similar  lack  of  agreement  exists 
among  different  investigators  with  respect  to  the  influence  of  adrenal 
cortical  hormones  or  of  adrenocorticotrophic  hormone  (  A('TH)  on  anti- 
l)0(ly  production.  An  increase  in  circulating  antibody  after  administration 
of  tliese  hormones  lias  been  observed  by  Fox  and  Whitehead,  198(); 
Dougherty,  White,  and  Chase,  1944;  Dougherty  et  at.,  194.5;  Chase,  White, 
and  Dougherty,  1940;  Mondolfo  and  Hounie,  1947;  Bisset,  1949;  Bussard 
et  al.,  19.50;  Clark  and  .lacobs,  1950;  and  Hammond  and  Novak,  1950.  On 
the  other  hand,  a  number  of  workers  liave  lieen  unable  to  confirm  these 
results  (Eisen  et  al.,  1947;  Thatcher  et  al.,  1948;  Kelley  and  Adams,  1948; 
Sayers  et  al.,  1949;  Fischel,  Le  May,  and  Rabat,  1949;  Herbert  and  de 
Vries,  1949;  de  Vries,  1950;  Mirick,  1950).  One  group  of  investigators  lias 
reported  a  decrease  in  circulating  antibody  after  ACTH  or  cortisone  injec¬ 
tion  (Stoerk,  1950;  Stoerk  and  Solotorovsky,  19.50;  Bj^rneboe  et  al.,  1951). 

The  results  of  the  studies  reported  below  suggest  that  blood  titers  of 
antibody  may  not  reflect  accurately  the  level  of  antibody  response  in 
animals  exhibiting  different  levels  of  adrenal  cortical  activity.  Thus,  it 
can  be  demonstrated  that  splenic  production  of  antibody  in  vitro  may  be 
significantly  affected  by  adrenal  cortical  secretions  without  necessarily 
influencing  appreciably  the  level  of  circulating  antibody.  This  may  be  due, 
at  least  in  part,  to  a  coincident  change  in  the  rate  of  antibody  removal 
from  the  blood  by  the  ti.ssues  as  a  result  of  changes  in  the  circidating  level 
of  adrenal  cortical  hormone. 
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METHODS 

Tlie  procedures  eini)loyed  in  this  investiKation  have  Ikhmi  descril)e(l  in  considerable 
detail  elsewhere  (Roberts,  Adams,  and  White,  1949)  and  will  be  recorded  here  only 
briefly. 

The  animals  used  were  adult  male  Spranue-Dawley  rats,  weighing  l>etween  250  to 
500  Kin.,  and  maintained  ad  libitum  on  Purina  laboratory  chow.  Bilateral  adrenalectomy 
was  performed  by  the  dorsal  approach  2  to  4  days  before  antisen  injection.  Adrenalec- 
tomized  rats  were  niven  1  per  cent  XaC'l  to  drink  instead  of  the  tap  water  allowed  the 
other  animals.  Immunization,  in  all  instances,  was  accomplished  liy  a  sinsle  intravenous 
injection  of  0.5  ml.  of  a  2  per  cent  suspension  of  sheep  erythrocytes,  delivered  into  the 
saphenous  vein  under  li^ht  ether  anesthesia. 

Serum  and  tissue  antibody  were  estimated  by  hemolysin  titrations  employinK  the 
doublinK-dilution  technique.  Tissue  antibody  was  determined  on  saline  extracts  by 
Kiindins  200  mg.  aliquots  of  tissue  with  sand  and  2  ml.  of  physiological  saline,  followed 
by  centrifugation  in  the  cold  to  remove  the  solid  material.  All  titers  rejiortetl  in  this 
presentation  are  exjiressed  as  the  recijuocal  of  the  hemolysin  titer  per  ml.  of  serum  or 
jier  gm.  of  tissue  extracted  or  incubated.  Exjiressed  in  this  manner,  the  values  are 
jiresumed  to  be  directly  jiroportional  to  the  antibody  content  of  the  material  being  as¬ 
sayed.  Differences  equal  to  or  greater  than  2  tubes  in  the  doubling-dilution  technitpie 
(i.e.,  differences  of  200  per  cent  or  greater)  ma}’  be  considered  significant,  if  obtaineil 
consi.stently. 

All  in  vitro  studies  were  conducted  in  Warburg  flasks,  containing  200  mg.  of  tissue 
mince  (consisting  mainly  of  intact  cells)  and  2  ml.  of  fresh  rat  serum.  Incubation  was 
carried  out  for  3  hours  at  3S°  C.,  with  a  constant  stream  of  95  per  cent  oxygen,  5  per 
cent  carbon  dioxide  passing  through  the  flasks. 

RESULTS 

1.  Influence  of  the  adrenal  cortex  on  the  development  of  serum  and  tissue 
hemolysin  titers 

Preliminary  to  the  in  vitro  studies  on  the  release  and  uptake  of  antibody, 
experiments  were  performed  to  establish,  after  antigen  injection,  the  pat¬ 
tern  of  antibody  development  with  time  in  the  .serum  and  lymphoid 
structures  of  control  rats,  rats  which  had  been  bilaterally  adrenalectomized 

2  to  4  days  prior  to  antigen  injection,  and  rats  which  had  been  treated 
with  Wilson’s  aqueous  adrenal  cortical  extract  (A.C.E.)  during  the  period 
of  antibody  development.  Beginning  on  the  day  of  immunization,  the  ani¬ 
mals  in  the  last  group  were  given  single  subcutaneous  injections  daily  for 

3  days  of  2  ml.  of  A.C.E, 

The  results  obtained  are  shown  in  Figure  1.  The  time  interval  chosen 
for  antibody  determinations  was  the  early  period  of  3  to  7  days  after  anti¬ 
gen  administration,  during  which,  in  control  animals,  the  .serum  hemolysin 
titer  reaches  a  maximum  and  then  declines  gradually  (cf.  Roberts,  Adams, 
and  White,  1949).  The  maximum  titer  was  observed  in  most  tissues  on  the 
fifth  day  after  immunization.  This  has  been  shown  previously  for  a  wide 
range  of  ti.s.sues,  as  well  as  serum,  and  was  found  to  be  the  case  in  the 
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present  study  for  serum,  spleen,  mesenteric  lympli  nodes,  and  thymus  in 
control,  adrenalectomized,  and  A.C.E.-injected  rats. 

Some  differences  in  the  rate  of  antibody  development  appeared  to  have 
occurred,  particularly  between  adrenalectomized  and  control  animals. 
The  rate  of  development  of  antibody  titers  in  serum  and  lymphoid  tissues 
may  have  been  depressed  l)y  previous  adrenalectomy.  The  differences  ob- 
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DAYS  AFTER  ANTIGEN 

Fig.  1.  The  influence  of  the  adrenal  cortex  on  the  development  of  hemolysin  titers 
in  serum  and  tissues  of  rats  >fiven  a  single  intravenous  injection  of  sheej)  erythrocytes. 
The  solid  lines  represent  control  animals;  dotted  lines,  adrenalectomized;  dashed  lines, 
A.C'.E.-injected.  Each  point  is  the  average  of  ,3  to  .i  determinations. 


serv’cd,  however,  amonfj;  the  groups  could  not  be  considered  significant, 
with  two  possible  exceptions.  First,  it  may  be  seen  in  Figure  1 ,  that  adrenal¬ 
ectomy  prevented  the  rapid  rise  in  antibody  in  mesenteric  lymph  nodes 
and  thymus  tissue,  which  occurred  in  non-operated  animals  on  the  fourth 
day  after  antigen  injection.  This  difference  was  noted  consistently  and  may 
have  been  due  to  a  reduction  in  the  rate  of  uptake  of  antibody  from  the 
circulation  in  the  adrenalectomized  animal  (see  section  3,  Results).  The 


744 


UOHKHTS  AND  WHITIC 


Volume  4^ 


Tabi-k  1.  The  i.nki.i  exce  ok  adrenal  cortical  activity  on  the  hemolysin  titers  ok 

SERI  M  AND  SPLENIC  AND  LYMPHOID  TISSI  E  EXTRACTS  OF  IMMUNIZED  RATS* 


Group 

Serum 

Spleen 

Mesenteric 
lymjih  nodes 

Control 

2,048 

040 

320 

2,048 

040 

320 

8,192 

040 

320 

8,192 

1 ,280 

320 

8,192 

1 ,280 

320 

8,192 

1  ,280 

320 

10,384 

2,500 

040 

10,384 

2,. 500 

320 

4  ,090 

1 ,280 

— 

4,090 

040 

— 

4,090 

1,280 

44 

4,090 

1 ,280 

40 

.Xverjige 

0,144 

1  ,280 

240 

AdreiiHlectomizedt 

2,048 

040 

80 

2,048 

320 

80 

4,090 

040 

80 

4,090 

040 

80 

4,090 

040 

80 

2,048 

040 

100 

4,090 

040 

100 

4,090 

’.,280 

100 

4,090 

— 

— 

4 ,090 

— 

— 

.■\veriige 

4,090 

040 

120 

1  lormoiie-t  rented  + 

8,192 

1,280 

100 

8,192 

1,280 

80 

8,192 

040 

100 

8,192 

1,280 

100 

8,192 

1,280 

320 

8,192 

1,280 

100 

4,090 

1,280 

100 

4,090 

1  ,280 

100 

.\verage 

8,192 

1 ,280 

100 

*  Hemolysin  titers  are  expressed  as  reeiproeals  of  the  actual  titer  per  ml.  of  serum  or  jier 
gm.  of  tissue  extracted,  obtained  5  days  after  a  single  intravenous  injection  of  sheep  erythro¬ 
cytes. 

t  Bilaterally  adrenalectomized  7  to  9  days  earlier. 

+  Intraperitoneal  injection  2  hours  earlier  of  either  2  ml  Wilson’s  aiiueous  adrenal  cortical 
extract  or  adrenocorticotropic  hormone  (.\rmour)  eciuivalent  to  4  mg.  (.\rmour  standard) 
LA-l-A  jier  100  gm.  hotly  weight. 


second  significant  tlifference  was  the  prolongation  of  maximum  serum 
hemolysin  levels  beyond  the  fifth  day  in  rats  injected  with  A.C.E. 

In  the  normal  animal,  the  peak  of  antibody  production  by  splenic  tissue 
in  vitro  occurs  on  the  fifth  day  after  intravenous  administration  of  antigen 
(Roberts,  Adams,  and  White,  1949).  It  was,  therefore,  decided  to  investi¬ 
gate  in  greater  detail  the  hemolysin  titers  present  at  this  time  in  the  serum 
and  in  extracts  of  spleen  and  mesenteric  lymph  nodes  obtained  from  ani¬ 
mals  treated  in  a  manner  similar  to  that  described  above.  Thymus  tissue 
extracts  were  not  followed  in  subsecpient  experiments  since  the  titers  ob- 
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served  in  thymus  were  entirely  similar  to  those  present  in  the  lymph  nodes 
(cf.,  Figure  1).  The  results  are  shown  in  Table  1.  No  significant  differences 
were  noted  among  the  three  groups,  although  the  serum  and  tissue  titers  in 
the  adrenalectomized  animals  tended  to  be  consistently  lower  than  similar 
values  in  the  other  animals.  Incidentally,  the  hormone-treated  group,  in 
this  case,  was  injected  intraperitoneally  2  hours  before  tissue  and  serum 
sampling  either  with  2  ml.  of  A.C.E.  or  with  a  dose  of  ACTH  (Armour) 
equivalent  to  4  mg.  of  the  Armour  standard,  LA-l-A  per  100  gm.  body 
weight. 


Fig.  2.  The  influence  of  the  adrenal  cortex  on  tlie  release  of  hemolysins  in  vitro  by 
splenic  mince  obtained  from  rats  >!;iven  a  single  intravenous  injection  of  sheep  erythro¬ 
cytes  5  days  earlier.  The  figures  in  parentheses  show  the  number  of  exjieriments  in 
each  grouj)  contributing  to  the  average. 

2.  Influence  of  the  adrenal  cortex  on  splenic  release  of  hemolysins  in  ritro 

In  contrast  to  the  results  obtained  on  the  effect  of  the  adrenal  cortex  on 
the  level  of  circulating  and  tissue  antibody  in  vivo,  a  striking  influence  of 
the  adrenal  cortex  was  observed  when  studies  were  made  of  the  capacity 
of  surviving  splenic  tissue  to  produce  antibody  in  vitro.  Figure  2  depicts  the 
data  graphically.  The  spleen  was  chosen  since  it  has  been  found  to  be  the 
only  tissue  capable  of  releasing  large  amounts  of  antibody  in  vitro  when 
taken  from  animals  immunized  by  a  single  intravenous  injection  of  antigen 
(Fagraeus,  1948;  Roberts,  Adams,  and  White,  1949). 

Apparently,  the  spleen  of  the  adrenalectomized  rat  was  totally  incapable 
of  new  formation  of  antibody  under  these  conditions,  whereas  that  of  the 
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Tabi-k  2.  The  inkli  ence  oe  adrenal  cortical  activity  ok  the  release  ok  hemolysins 
in  vitro  by  splenic  tissue  ok  immunized  rats* 


Groui) 

Incubation 
release  t 

(1) 

Post- 

incubation 

extraction 

(2) 

Incubation  + 
post¬ 
incubation 
(3) 

Pre- 

incubation 

extraction 

(4) 

Ratio 

(3) . 

(4) ^ 

('ontrol 

640 

320 

960 

640 

1.5 

640 

320 

960 

640 

1  .5 

2,560 

320 

2,880 

640 

4 .5 

2,. 560 

1 ,280 

3,840 

1 ,280 

3.0 

2,5t)0 

1 ,280 

3,840 

1 ,280 

3.0 

2,. 560 

1 ,280 

3,840 

1 ,280 

3.0 

2,560 

1 ,280 

3,840 

2,560 

1  .5 

2,560 

1 ,280 

3,840 

2,560 

1  .5 

2,560 

640 

3,200 

1,280 

2.5 

1 ,280 

640 

1 ,920 

640 

3.0 

2,560 

640 

3,200 

1 ,280 

2.5 

2,560 

()40 

3,200 

1,280 

2.5 

Average 

1 ,920 

640 

2,560 

1 ,280 

2.5 

Adrenalectomized  § 

160 

40 

200 

640 

0.3 

80 

40 

120 

320 

0.4 

320 

320 

640 

640 

1 .0 

320 

'320 

640 

640 

1.0 

320 

320 

640 

640 

1  .0 

320 

320 

640 

640 

1  .0 

320 

160 

480 

640 

0.8 

320 

160 

480 

1 ,280 

0.4 

.\verage 

320 

160 

480 

640 

0.7 

Hormoiie-t  reated  || 

10,240 

1 ,280 

13,520 

1,280 

10.5 

2,560 

1,280 

3,840 

640 

6.0 

5,120 

1 ,280 

6,400 

1,280 

5.0 

5,120 

640 

5,760 

1 ,280 

4.5 

5,120 

1,280 

6,400 

1 ,280 

5.0 

5,120 

1,280 

6,400 

1,280 

5.0 

10,240 

1,280 

13,520 

1,280 

10.5 

5,120 

640 

5,760 

1 ,280 

4.5 

.\verage 

5,120 

1 ,280 

6,400 

1 ,280 

6.4 

•  Hemolysin  titers  are  expressed  as  reciprocals  of  the  actual  titer  per  ml.  of  scrum  or 
per  gm.  of  tissue  extracted  or  incubated;  samples  were  obtained  5  days  after  a  single 
injection  of  sheep  erythrocytes. 

t  Incubation  was  carried  out  for  3  hours  in  a  rat  serum  medium  at  38°  C\,  and  under  a 
constantly  renewed  atmosphere  of  95%  oxygen,  5%  carbon  dioxide. 

X  The  average  of  these  ratios  in  each  group  was  calculated  from  the  individual  values. 

§  Bilaterally  adrenalectomized  7  to  9  days  earlier. 

II  Intraperitoneal  injection  2  hours  before  autopsy  of  cither  2  ml  Wilson’s  anueous  adrenal 
cortical  extract  or  adrenocorticotropic  hormone  (.\rmour)  equivalent  to  4  mg.  (Armour 
standard)  per  100  gm.  body  weight. 


hormone-treated  rat  was  very  active  in  this  regard.  Control  spleen  fell 
somewhere  between  these  two  groups  in  its  capacity  to  produce  antibodies 
in  vitro.  A  resume  of  the  in  vitro  results  obtained  is  given  in  Table  2.  The 
last  column  in  this  table  is  a  measure  of  the  production  of  antibody,  since 
it  relates  the  amount  of  antibody  present  after  incubation  to  that  present 
before  (i.e.,  the  ratio  of  the  sum  of  the  reciprocal  hemolysin  titer  released 
to  the  medium  plus  that  remaining  in  the  tissue  after  incubation,  to  that 
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which  can  be  extracted  before  incubation  from  the  aliquot  of  the  same 
tissue).  Tliis  ratio  was  approximately  1  in  the  adrenalectomized  group, 
indicating  that  no  new  formation  of  antibody  occurred  during  the  three- 
hour  incubation  period.  Two-and-one-half  times  as  much  antibody  was 
present  after  incubation  as  before  incubation  in  the  control  group,  and 
almost  .six-and-one-half  times  the  initial  amount  was  present  in  inculcates 
of  spleen  olctained  from  A.C.E.  or  ACTH-treated  rats. 

3.  Influence  of  the  adrenal  cortex  on  antibody  uptake  in  vitro. 

In  an  effort  to  elucidate  the  discrepancy  between  tlie  in  vivo  and  in  vitro 
results  with  respect  to  the  influence  of  the  adrenal  cortex  on  antilcody 
production,  two  possibilities  were  considered.  First,  it  seemed  possible  that 
differences  in  the  rate  of  antibody  production  by  the  tissues  might  be 
masked  in  the  circulation,  particularly  at  times  when  the  circulating  titer 
is  high.  A  second  possible  explanation  seemed  to  be  amenable  to  experi¬ 
mental  study;  namely,  that  the  rate  of  removal  of  antibody  from  the  blood 


TaBI.K  3.  ThK  IXKH  EXCK  ok  ADREXAL  CORTU'AI.  activity  ox  the  ri'TAKE  OK  AXTIBODY 
KROM  IMMfXE  SERIM  BY  SIRVIVIXCJ  TISSl'ES  OK  XOX-IM  M  K  XIZEI)  RATS* 


Serum 

medium 

Tissue  extracts 

Tissue 

(iroup 

Before 

After 

after 

incubation 

incubation 

incubation  t 

Thvmus 

Control 

4,09<) 

2,048 

100 

.Adrenalectomized  J 

4,09« 

4  ,090 

40 

Hormone-treated  § 

4,09() 

2,048 

320 

Me.senteric 

Control 

8,192 

4,090 

320 

Ivmph  nodes 

.Adrenalectomized 

8,192 

8,192 

80 

Hormone-treated 

8,192 

2,048 

040 

Liver 

Control 

4,090 

2,048 

1,280 

.Adrenalectomized 

4,090 

4,090 

320 

Hormone-treated 

4,090 

1 ,024 

2,.'j00 

Upper  jejunum 

Control 

4,090 

2,048 

320 

.Adrenalectomized 

4,090 

4,090 

100 

Hormone-t  reat  ed 

4,090 

2,048 

040 

Kid  lie  V 

('ontrol 

4,090 

4,090 

1 ,280 

.Adrenalectomized 

4,090 

4,090 

040 

Hormone-treated 

4,090 

2,048 

2,500 

Spleen 

Control 

8,192 

4,090 

040 

.Adrenalectomized 

8,192 

8,192 

320 

1 1  ormone-t  reat  ed 

8,192 

4,090 

040 

•  All  results  arc  expressed  as  reciprocal  hemolysin  titers  per  ml.  of  serum  or  iier  sm.  of 
tissue.  The  averages  of  three  experiments  are  shown  in  each  case. 

t  After  incubation,  the  tissue  minces  were  washed  with  physiological  saline  prior  to  ex¬ 
traction  of  antibody;  no  titer  was  present  in  any  of  the  tissues  before  incubation, 
t  Bilaterally  adrenalectomized  7  to  9  days  earlier. 

§  Intraperitoneal  injection  2  hours  earlier  of  either  2  ml.  Wilson’s  aqueous  adrenal  cortical 
extract  or  adrenocorticotropic  hormone  (.Armour)  equivalent  to  4  mg.  (.Armour  standard) 
I..A-1-.A  per  100  gm.  body  weight. 
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as  well  as  the  rate  of  produdtion,  might  he  affected  by  the  state  of  adrenal 
cortical  activity. 

It  had  been  observed  previously  that  tissues  from  non-immunized  rats 
are  capable  of  removing  antibody  from  an  incubation  medium  consisting 
of  serum  obtained  from  immunized  animals  (Roberts,  Adams,  and  White, 
1949).  The  generalized  di.stribution  of  antibody  in  most  of  the  tissues  of 
the  immunized  rat,  and  its  more  rapid  rate  of  accumulation  in  certain  tis- 
.sues  when  the  antibody  level  is  falling  after  the  peak  circulating  level  has 
been  reached,  had  suggested  that  this  might  be  the  case.  Accordingly,  the 
uptake  of  antibody  by  tissues  from  control,  adrenalectomized,  and  A.C.E. 
or  ACTH-injected,  non-immunized  rats  was  followed.  These  tissues  were 
incubated  as  described  earlier,  with  the  exception  that  the  incubation 
medium  was  antibody-containing  .serum  obtained  from  similar  control 
animals  which  had  been  given  a  single  intravenous  injection  of  sheep 
erythrocytes  5  days  earlier. 

It  may  be  seen  from  Table  3  that  all  of  the  tissues  studied  were  capable 
of  removing  antibody  from  the  serum  medium;  incubation  of  serum  alone 
had  no  .significant  effect  on  its  titer.  The  antibody  taken  up  by  the  tissues 
was  rather  firmly  fixed  since  it  could  not  be  removed  by  washing  with  saline 
or  serum,  but  only  after  grinding  the  tissue  with  sand  and  .saline.  Adrenal¬ 
ectomy  depres.sed  the  uptake  of  antibody  by  the  tissues  studied,  particu¬ 
larly  by  thymus,  mesenteric  lymph  nodes,  and  liver.  A.C.E.  or  ACTH 
appeared  to  have  the  opposite  effect,  although  this  was  not  as  clear-cut. 
The  po.ssible  .significance  of  these  ob.servations,  with  particular  reference 
to  the  role  of  liver  and  lymphoid  tis.sue  in  removing  circulating  antibody, 
will  be  discussed  below. 

DISCUSSION 

The  results  reported  indicate  that  the  rate  of  antibody  production  in 
vitro  by  .surviving  splenic  tissue  from  rats  injected  with  a  single  intra¬ 
venous  dose  of  sheep  erythrocytes  may  be  depressed  by  previous  adrenal¬ 
ectomy  and  enhanced  by  injection  of  pituitary  adrenocorticotrophic  or 
adrenal  cortical  hormones. 

In  spite  of  these  differences  in  the  in  vitro  behavior  of  the  spleen  (which 
is  apparently  the  only  tissue  producing  large  amounts  of  antibody  under 
the.se  conditions),  there  appeared  to  be  no  significant  differences  in  the 
level  of  circulating  antibody  which  could  be  related  to  changes  in  the  level 
of  adrenal  cortical  hormones  in  the  body. 

Two  probable  explanations  for  this  discrepancy  may  be  .suggested.  First, 
it  seems  likely  that  differences  in  the  rate  of  tissue  production  and  release 
of  antibody  may  be  masked  by  the  relatively  enormous  quantities  of  anti¬ 
body  present  in  the  circulation  of  the  immunized  animal  at  or  near  the 
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peak  of  antibody  responise.  A  second  explanation  is  l)ased  on  the  ol)sei  va- 
tion  that  tlie  removal  of  antibody  from  the  circulation  may^  also  be 
affected  by  the  level  of  adrenal  cortical  secretion,  being  depressed  in  adren- 
alectomized  rats  and  possibly  enhanced  in  rats  treated  with  A.C.E.  or 
AC'TIl  (cf.,  also,  Stoerk,  1950).  In  other  words,  release  and  removal  of 
antibody  may  both  be  occurring  at  a  reduced  rate  in  the  adrenalectomized 
animals  and  at  an  accelerated  rate  in  the  hormone-treated  animal.  The 
balance  achieved  with  respect  to  the  level  of  circulating  and  tissue  antibody 
may,  therefore,  be  similar  in  the  three  groups  of  animals.  It  seems  likely 
that  one  organ  which  may  be  responsible  for  removing  large  amounts  of 
antibody  from  the  circulation,  and  which  may  be  particularly  responsive 
to  cortical  hormone,  is  the  liver.  The  rate  of  antibody  uptake  by  tliis 
organ  in  vitro  was  significantly  influenced  by  previous  adrenalectomy. 
The  uptake  of  antibody  in  vitro  from  immune  serum  hy  mesenteric  lymph 
nodes  and  thymus  tissue  was  also  significantly  altered  by  this  procedure. 
The  particular  responsiveness  of  protein  metabolism  in  lymphoid  tissue 
to  adrenal  cortical  hormones  has  been  demonstrated  earlier  (cf..  White 
and  Dougherty,  1940;  White  and  Roberts,  1950).  It  has  been  suggested 
that  lymphoid  tissue  may  function  specifically  as  a  carrier  of  antibody 
(Dougherty,  Chase,  and  White,  1945).  From  the  present  studies,  it  would 
appear  that  its  efficiency  as  such  a  transport  mechanism  may  be  under  the 
control  of  the  adrenal  cortex,  which  may  influence  not  oidy  the  rate  of 
release  of  antibody  from  lymphocytes  (Dougherty,  Chase,  and  Wliite, 
1945),  but  also  the  amoiint  of  antibody  which  can  be  taken  up  by  lympho¬ 
cytes  when  other  reticulo-endothelial  elements  are  the  major  site  of  anti¬ 
body  formation. 

The  influence  of  the  adrenal  cortex  on  the  metabolism  of  antibody  in 
vitro  may  represent  but  one  instance  of  a  more  general  phenomena.  Recent 
studies  have  revealed  that  several  tissues,  when  incubated  in  a  homologous 
serum  medium,  are  capable  of  adding  and  removing  specific  proteins  dur¬ 
ing  the  course  of  incubation  (Roberts  and  White,  1949;  White  and  Roberts, 
1950).  These  processes  have  been  found  to  be  under  the  influence  of  the 
adrenal  cortex  (White  and  Roberts,  1950).  Huch  changes  in  the  in  vitro 
metabolism  of  protein  by  spe(*ific  tissues  may  or  may  not  be  reflected  in 
variations  in  the  level  of  circulating  plasma  proteins  in  the  intact  animal 
(cf..  White  and  Dougherty,  1946;  (lutman,  1948).  The  in  vivo  experiments 
of  Whipple  and  his  co-workers  (cf.,  Aladden  and  Whipple,  1940),  suggest¬ 
ing  the  existence  of  a  dynamic  interchange  of  protein  between  tissues  ai  d 
plasma,  find  their  in  vitro  counterpart  in  the  studies  mentioned  above. 
In  addition,  the  latter  investigations  indicate  that  this  dynamic  inter¬ 
change  may  be  influenced  in  rate  by  pituitary-adrenal  cortical  secretion. 
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SUMMARY 

Investigations  are  reported  of  the  influence  of  adrenalectomy  and  of 
injection  of  adrenocorticotrophic  hormone  and  adrenal  cortical  extract 
on  antibody  development  in  tissues  and  serum  in  mvo,  antibody  release  by 
splenic  tissue  in  intro,  and  the  uptake  of  antibody  by  tissues  in  intro. 

In  general,  the  rate  of  development  of  hemolysin  titers  in  the  tissues 
and  serum  of  rats  injected  with  a  single  intravenous  dose  of  sheep  erythro¬ 
cytes  could  not  be  altered  significantly  by  changes  in  the  level  of  circulating 
adrenal  cortical  hormones.  A  possible  exception  to  this  may  be  seen  in 
the  delay  in  the  development  of  high  antibody  titers  in  lymphoid  tissue 
(mesenteric  lymph  nodes  and  thymus)  in  the  adrenalectomized  animal  on 
the  fourth  day  after  antigen  administration.  This  difference,  however, 
appears  to  have  disappeared  by  the  fifth  day,  when  most  tissues  and  serum 
exhibit  the  peak  of  antibody  response. 

In  contrast,  the  rate  of  release  of  antibody  to  a  serum  medium  in  vitro 
by  splenic  tissue  was  significantly  affected  by  the  degree  of  adrenal  cortical 
activity.  No  new  formation  of  antibody  occurred  in  incubates  of  splenic 
tissue  obtained  from  adrenalectomized  animals.  The  production  of  anti¬ 
body  by  splenic  tissue  in  intro  was  enhanced  over  the  control  value  in 
animals  injected  2  hours  earlier  with  potent  adrenal  cortical  extract  or 
pituitary  adrenocorticotrophic  hormone. 

The  discrepancy  between  the  in  vivo  and  in  vitro  results  may  be  explained 
by  the  observation  that  antibody  uptake  by  various  tissues  in  intro,  par¬ 
ticularly  by  liver  and  mesenteric  lymph  nodes,  may  be  depressed  by  pre¬ 
vious  adrenalectomy  and,  possibly,  enhanced  by  injection  of  hormone. 
This  would  obviously  tend  to  make  the  level  of  circulating  antibody  a 
false  index  of  the  immune  response.  It  may  also  be  suggested  that  differ¬ 
ences  in  antibody  production,  particularly  at  the  peak  of  antibody  re¬ 
sponse,  would  be  masked  by  the  high  levels  of  antibody  already  present  in 
the  circulation. 
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ANDROCJEX  IXFLUEXC’K  (^X  PITUITARY-CiOXAI) 

ixtp:rrelati()Xship 

W.  R.  BREXEMAN  and  RICHARD  C.  MASON 

Waterninn  Infititute'  and  Department,  of  Zoology-  Indiana  I  'niversity, 
Bloomington,  Indiana 

The  complex  problem  of  pituitary-gonad  interrelationship  has  at¬ 
tracted  renewed  attention  because  of  the  interest  in  the  action  of 
target-organs  as  modifying  factors  in  this  interrelationship.  The  com¬ 
plexity  of  the  problem  and  the  fact  that  adequate  information  for  com¬ 
parisons  is  not  available  has  been  reviewed  in  an  excellent  fashion  by 
Creep  and  Jones  (1950).  Our  own  interest  in  the  problem  was  stimulated 
by  observations  which  we  made  on  chicks  and  baby  capons  (Breneman 
1950,  1951a,  1951b);  and  by  some  unpublished  observations  which  in 
part  .suggested  that  the  gonads  as  target-organs  were  important  in  the 
interrelationship.  Some  of  the  data  on  the  other  hand,  could  be  best  inter¬ 
preted  by  accepting  the  traditional  viewpoint  that  the  androgens  directly 
inhibit  the  pituitary. 

We  began  the  experiments  reported  here  before  the  publication  of  the 
work  of  Creep  and  Jones.  It  was  very  gratifying,  however,  to  note  many 
important  .similarities  in  procedures  which  make  comparisons  possible. 
Although  we  used  chicks  whereas  Creep  and  Jones  used  rats,  the  injection 
methods  were  comparable.  Testosterone-propionate  was  the  hormone  used 
in  both  studies  and  was  injected  during  the  period  in  which  the  experi¬ 
mental  animals  were  undergoing  their  most  rapid  growth  and  maturation. 
The  hormone  was  injected  subcutaneously  in  0.10  cc.  of  sesame  oil  daily 
nncluding  Sundays)  into  animals  of  uniform  age  in  both  experiments.  We 
have  found  that  chicks  and  baby  capons  are  especially  sensitive  to  testos¬ 
terone-propionate  and  although  some  of  our  dosages  of  hormone  were 
lower  than  those  of  Creep  and  Jones,  the  dosage  ranges  were  similar  and 
overlapped.  They  used  a  daily  dosage  in  male  rats  of:  none,  10  gamma,  20 
gamma,  50  gamma,  and  100  gamma  whereas  we  used  daily  dosages  in 
capons  of:  none,  0.5  gamma,  1.0  gamma,  5.0  gamma,  10  gamma,  and  50 
gamma. 

The  comb-growth  of  the  chick  measured  either  daily  or  at  intervals  of 
approximately  five  days  is  an  excellent  indicator  of  the  effect  of  both 

Received  for  publication  February  12,  1951. 

*  Contribution  No.  103  from  the  Waterman  Institute,  Indiana  University. 

-  Contribution  No.  464  from  the  Department  of  Zoology,  Indiana  University. 
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exogenous  and  endogenous  androgen  in  the  chick.  In  this  respect  the  chick 
or  capon  is  more  informative  than  the  male  mammal  in  which  only  the 
weight  of  the  prostate  or  seminal  vesicles  taken  at  the  termination  of  an 
injection  period  can  serve  to  estimate  androgen  action.  Comb  weights 
which  were  taken  at  autopsy,  however,  gave  us  information  comparable 
to  that  furnished  by  prostate  weight.  We  have  also  been  able  to  .secure 
information  on  the  weight  and  gonadotropic  potency  of  the  pituitaries, 
and  pituitary  glands  were  also  fixed  for  cytological  study.* 

M.\TERIAL  .\NI)  METHODS 

Single-comb  White  Leghorn  chicks  were  used  in  our  experiments.  Tliese  animals  were 
one-day  old  when  received  and  were  kept  in  battery  brooders  tliroughout  the  period 
of  the  experiments.  A  standard  starting-mash  was  fed  and  the  number  of  birds  in  each 
cage  was  kept  api)roximately  equal.  The  position  of  the  birds  in  the  batteiies  was  also 
rotated  to  eliminate  possible  effects  due  to  differences  in  lighting  or  in  temperature 
between  top  and  bottom  cages.  The  chicks  which  were  caponized  were  oi^erated  when 
five  days  old.  Injections  were  begun  on  the  lOth  day  and  continued  through  the  39th 
and  all  animals  were  killed  on  the  40th  day.  Comb  measurements  were  taken  on  the 
10th,  16th,  21st,  26th,  31st,  3.5th,  and  40th  days  and  a  comh-jnctor  rei)resented  by 

Height  X  Length  mm.  ,  ,  . 

-  -  -  was  determined.  At  autoj)sy  the  combs  were  removed  by  cutting 

parallel  to  the  head  with  fine  scissors,  (kunbs  under  one  gram  were  weighed  on  a  torsion 
balance  and  those  over  one  gram  were  weighed  on  a  beam  balance. 

The  anterior  lobe  of  the  pituitary  gland  was  removed  immediately  and  the  glands 
from  each  series  were  placed  in  a  moist  chamber  and  weighed  as  a  group.  Tlie  ])ituitaries 
were  then  stored  in  acetone  and  at  the  time  of  assay  were  dried,  ground  fine  in  a  mortar, 
taken  up  in  distilled  water,  and  injected  on  the  basis  of  4  mg.  equivalent  of  fresh  gland 
in  one  ce.  of  water.  A  total  of  five  injections  were  given  spaced  at  12  hour  intervals 
beginning  at  18  hours  po.st-hatching.  The  chicks  were  kejit  in  shipping  boxes  without 
food  or  water  during  the  injection  jieriod  and  were  autojisied  12  hours  after  the  final 
injection.  This  method  of  assay  which  utilizes  the  testis  weight  of  the  chick  to  estimate 
the  amount  of  gonadotrojiins  was  first  suggested  by  Ryerly  and  Burrows  (1938)  and  has 
proven  to  be  very  succe.ssful  in  our  ex|)erience  with  pituitary  assay  (Breneman,  194.5). 

As  was  previously  stated  testosterone-jiropionate  (T.P.)^  was  the  androgen  emjiloyed 
in  this  study.  Injections  were  made  subcutaneouslj'  into  caiions  with  each  animal  re¬ 
ceiving  0.1  ec.  of  sesame  oil  daily  as  the  carrier  for  the  hormone.  The  males  and  control 
capons  received  the  same  amount  of  sesame  oil  without  the  hormone.  The  pullets  were 
not  injected. 

RESULTS  AND  DISCUSSION 

Comh-growth:  The  chick  comb  is  an  excellent  indicator  of  androgen 
action  and  since  mea.siirements  of  the  combs  were  taken  at  both  the  start 

’  The  authors  wish  to  express  their  sincere  thanks  to  Dr.  Fernamlus  Payne  for  his 
careful  study  of  the  cytology  of  the  pituitary  glands. 

*  The  testosterone-propionate  used  in  this  investigation  was  furnished  through  the 
kindness  of  Dr.  Edward  Henderson,  Director  of  the  Schering  Corporation,  Bloomfield, 
New  Jersey. 
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and  termination  of  the  experiments  and  at  intervals  between  it  is  possible 
to  gain  a  surprising  amount  of  information  concerning  androgen  action. 
Especially  noteworthy  are  the  data  which  supply  clues  as  to  the  amount 
of  androgen  secreted  by  the  male.  Various  methods  of  treating  the  data 
statistically  were  employed  and  the  most  informative  was  the  relationship 
between  the  logarithm  of  comb-factor  (and  weight)  against  the  logarithm 
of  dose.  This  resulted  in  a  straight-line  relationship  which  was  remarkably 
uniform  as  .subsequent  reference  to  Graph  1  will  illustrate.  This  treatment 
also  has  been  di.scussed  briefly  by  Walters  (1950).  The  mean  comb-factors 
for  the  various  days  and  dosages  are  summarized  in  Table  1  and  a  state¬ 
ment  should  be  made  relativ'e  to  the  method  of  calculating  these  means. 


Tabi.e  1.  Analysis  of  comb-fai’tor  (HXL  mm./2)  increases*  from  IOtii  to  3i>TH  day 


1 

Day  ; 

V 

y  +0..5.t 

y +i.o>j 

^+5.oJ, 

1 

^+I0.0> 

1 

+50.0> 

d' 

Totalt  ! 

androgen , 
secretion  t 
by  rf' 

Cumula¬ 

tive 

daily 

average 

Interval 

daily 

average 

10 

Initial  siie  { 

9.64 

10.18 

10.45  1 

9.4.5 

9.17 

10.73 

10.78 

If)  ! 

Period  size  i 
Increa.se*  | 

17. .54 
7.90 

1 

19.86  1 
1.78  j 

24.23 

5.88 

20.. 54 
3.19 

30.29 
13.22  j 

46.41 

27.78 

j 

26.12 

7.44 

3I.74>  1 

.5.29-> 

.5.29t 

21 

Period  size  I 
Increa.se 

.33.77 

24.13 

36.41 

2.10 

43.95 

9.37 

45.23 

11.6.5 

69.71 

36.41 

1.35.18 
100. .32 

60.62 
!  25.71 

94.. 56-1 

8.60> 

12.. 56-, 

26 

l*eriod  size 
Increase  I 

.56.77 

47.13 

66.36 

9.05 

80.27 
i  22.69 

87.73 

.31.1.5 

125., 50 
68.90 

2.51.17 

193.28 

1  122.87 
i  64  96 

1.55.60-, 

9.72> 

12.2I-, 

31  1 

Period  size 
Increase 

80  00 
70.36 

94.00 

13.46 

1 

113.27 

.32.46 

135.86 
.56. 0.5 

1  207. 50 

1  127.97 

42.5.59 
344. 50 

212.78 
,  131  .64 

i  2.50.80^ 

11.94> 

19.04y 

35 

P(  riod  size 
Increase 

91.63 
81 .99 

107.86 

15.69 

142.77 
,50. 33 

176.90 

8.5.46 

!  2.56.12 
;  164.!«i 

.577.95 
j  485.23 

1  328.81 
2.36.04 

1 

!  4.37.20^ 

i 

1  17. 49-, 

46.60-, 

40 

Period  size 
Increti.se 

12.5.. 59 
115.9,5 

1.55.81 

29.68 

18.5.. 59 
,59 . 19 

1 

1  2.3.5. 36 

1  109.96 

j  3.55.. 54 

1  2.30.42 

! 

i  801.95 

1  675.27 

479.62 

3,52.89 

614.90^ 

1  20.50-, 

.35. 54-, 

*  Increase  for  period  equals  comb-factor  for  period  minus  initial  comb-factor  minus  capon  comb-factor  for  period, 
t  Kquivalent  to  Testosterone-propionate. 


Two  factors  were  important  in  the  analy.sis  of  the  comb-growth  especially 
since  we  were  interested  in  the  quantitative  effect  of  the  exogenous  andro¬ 
gen  as  well  as  the  endogenous  androgen  secreted  by  the  capon.  First,  there 
was  some  variability  in  the  initial  comb  .sizes  in  the  different  .series.  The 
chicks  were  operated  at  five  days  of  age  and  some  comb-growth  occurred 
before  experiments  began  on  the  10th  day.  This  was  especially  true  of  the 
unoperated  males.  At  each  period,  therefore,  the  initial  comb-factor  was 
subtracted  from  that  of  the  period  in  order  to  determine  the  net  increment 
during  the  time  interval.  Second,  there  was  a  surprising  growth  of  the 
combs  of  the  capons.  This  growth,  we  have  db.served,  exceeds  that  of  the 
pullets  and  of  ovariectomized  females.  This  is  an  interesting  endocrine 
problem  in  itself  and  we  wish  to  treat  this  in  more  detail  in  a  subsequent 


June,  1051 


PITUITAUY-GONAD  INTERRELATIONSHIP 


755 


study.  Two  possible  explanations  are  suggested:  (a)  that  the  capon  adrenal 
is  stimulated  to  produce  considerable  androgen;  or  (b)  that  anterior  pitui¬ 
tary  hormone  may  act  directly  on  the  comb.  The  latter  has  been  advanced 
as  a  hypothesis  by  Marlow  19.50.  Whatever  the  explanation  there  still 
remains  the  fact  that  considerable  comb-growth  occurs  in  capons.  The 
comb-factors  for  each  period,  therefore,  were  further  corrected  by  sub¬ 
tracting  the  capon  comb-factor  increment  for  each  interval.  Since  both  the 
initial  size  and  the  capon  increment  for  each  period  were  subtracted  from 


(Ikai’H  1.  Action  of  testosterone-i)roi)ion!ite  on  comb  growth  ns  measured  i)y  coinb- 


(II  XL  mm.) 

factors - 

2 


Each  line  re|)resents  the  logarithm  of  comh-growth  for  series  H 


through  F  for  the  period  designated  at  the  end  of  the  line,  plotted  against  the  logarithm 
of  T.P.  dosage  for  series  B  through  F  respectively.  Comh-growth  for  a  period  at  each 
do.sage  level  was  determined  by  subtracting  the  initial  comb-factor  and  the  capon  comb 
growth  from  the  observed  comb-factor  for  the  period.  The  -h  signs  indicate  the  comb- 
factors  for  uninjected  normal  male  chicks.  The  lines  were  determined  by  calculating 
the  regression  equation  for  comb-factor  against  dosage.  Series  A,  0.5  gamma  T.P.  daily; 
B,  1.0  gamma  T.P.  daily;  C,  5.0  gamma  T.P.  daily;  D,  10.0  gamma  T.P.  daily;  and  F, 
50.0  gamma  T.P.  daily. 
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tlie  mean  comb-factor  of  androgen  treated  capons  and  of  unoperated 
males,  it  was  felt  that  a  fairly  accurate  estimate  of  androgen  effect  was 
possible  both  for  a  given  period  and  for  total  growth. 

Those  who  favor  the  target-organ  hypothesis  have  challenged  the  data 
which  demonstrate  that  gonadal  hormones  inhibit  pituitary  action.  The 
basis  for  the  challenge  is  the  supposition  that  non-physiological  doses  of 
gonadal  hormones  were  administered.  This  criticism  cannot  be  discounted 
because  very  little  is  known  concerning  the  amount  of  estrogen  or  androgen 
secreted  by  normal  animals.  Both  the  comb-factor  and  comb-weight  data 
and  pituitary  weights  furnish  considerable  information  on  this  particular 
problem  in  our  experiments. 

It  will  be  observed  in  Table  1  and  in  Graph  1  that  the  comb-factors  for 
the  male  at  16, 21 ,  and  26  days  fall  between  the  comb-factors  for  the  capons 
which  recieved  5  gamma  T.P.  and  10  gamma  T.P.  daily.  Furthermore, 
at  16  days  the  male  comb  sizes  were  close  to  those  of  the  capons  given  5 
gamma,  but  at  26  days  the  male  comb  sizes  were  very  near  those  of  the 
capons  given  10  gamma.  At  31,  35,  and  40  days  the  male  comb  sizes 
exceeded  those  of  capons  which  were  given  10  gamma  T.P.  daily  and  as¬ 
sumed  a  position  intermediate  to  those  of  capons  which  received  10  gamma 
and  50  gamma  of  T.P.  daily.  This  same  relationship  exists  for  the  comb 
weights  and  pituitary  weights  taken  at  40  days  at  the  termination  of  the 
experiments.  It  is  possible  to  treat  the  data  in  a  somewhat  more  elaborate 
statistical  fashion  by  calculating  the  regre.ssion  for  the  comb-factors  on 
dosage  and  pituitary  weight  on  dosage  at  40  days. 

The  determination  of  regre.'^sion  equations  y  =a-\-hz  for  each  of  the  peri¬ 
ods  was  made  and  since  the  comb-factors  and  comb-weights  were  known 
as  well  as  pituitary  weights  it  was  possible  to  determine  the  relative 
amount  of  androgen  secreted  by  the  males  for  each  period  in  terms  of 
the  equivalency  to  injected  testosterone-propionate.  The  antrogen  esti¬ 
mations  are  shown  in  Table  1  and  as  a  footnote  to  Table  2. 


Table  2.  Hoby  weiohts  and  comb  weights  at  40  days,  treatment  10th  to  30th  day 


Series 

No. 

Body 

weight 

Dailj'  treatment 

Final  comb 
weight 

Growth  during 
period  (final 
weight  minus 
capon  weight) 

A  Isf 

11 

374.8 

0.1  cc.  Sesame 

317.3 

_ 

B  tsf 

11 

300.5 

0.0005  mg.  T.P. 

363.2 

45.0 

V  (sf 

11 

382.5 

0.001  mg.  T.P. 

434.6 

117.3 

1)  V 

1 1 

372.1 

0.005  mg.  T.P. 

508.2 

280.0 

E  ^ 

12 

303.0 

0.01  mg.  T.P. 

1,215.0 

808.7 

F  tf* 

10 

307.8 

0.05  mg.  T.P. 

3,880.0 

3,562.7 

G  o' 

15 

306.8 

0.1  cc.  Sesame 

1,843.8 

1,526.5 

H  9 

14 

383.4 

0.1  cc.  Sesame 

232.8 

— 

Calculated  equivaleiit  of  te-stosterone-propionate  secreted  by  male  during  the  30  day 
period  on  the  basis  of  comb  weight  increases  was  equal  to  630.3  gamma. 
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The  first  observations  which  may  he  made  relative  to  tlie  amovmt  of 
androgen  secreted  by  the  male  on  the  basis  of  comb-factors  is  that  from 
the  10th  to  40th  day.  The  androgen  secreted  was  equivalent  to  014.90 
gamma  of  injected  testosterone-propionate.  It  is  very  gratifying  to  note 
that  on  the  basis  of  comb-weight  the  amount  secreted  was  equivalent  to 
030.80  gamma  of  testosterone-propionate.  The  amount  secreted  on  the 
basis  of  the  pituitary  data  will  be  discussed  later.  The  average  daily  secre¬ 
tion  has  little  real  significance  as  will  be  noted  later  but  is,  of  course,  in 
excess  of  20  gamma  equivalent  per  day.  (Ireep  and  .Jones  estimated  that 
the  rats  used  in  their  study  secreted  between  10  gamma  and  oO  gamma  per 
day.  This  is  at  least  a  significant  physiological  coincidence.  Much  more 


(fKAi’H.  2.  Tlie  loffiirithms  of  the  gonad  weiglits  for  o2‘,i  diicks  from  10  to  40  days 
grouped  according  to  age  are  plotted  against  the  logarithms  of  androgen  secreted  in 
terms  of  equivalent  amounts  of  testosterone-propionate  as  calculated  in  Table  1  in  the 
column  titled  Total  Androgen  Secreted.  The  age  in  days  is  shown  at  each  of  the  points 
in  the  graph. 
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important  than  the  average  daily  secretion,  however,  is  tlie  amount 
secreted  during  the  different  periods.  These  figures  are  shown  in  Table  1. 
The  amount  secreted  from  the  10th  to  16th  day  was  31.74  gamma  or  5.29 
gamma  per  day,  from  the  10th  to  21st  day  94.56  gamma  or  8.60  gamma 
daily,  and  from  the  10th  to  26th  day  155.60  gamma  or  9.72  gamma  daily. 
There  is  a  much  greater  relative  increa.se  after  the  26th  day,  the  amount 
being  250.80  gamma  between  the  10th  and  31st  days,  437.20  gamma  be¬ 
tween  the  10th  and  35th  days,  and  614.90  gamma  between  tlie  10th  and 
40th  days. 

The  fact  that  the  daily  average  .secretion  of  20.50  gamma  for  tlie  period 
from  10  to  40  days  is  of  little  .significance  can  be  .seen  by  reference  to  the 
right-hand  column  of  Table  1.  The  amount  of  androgen  .secreted  within 
the  intervals  differs  greatly  and  shows  an  amazing  increase  after  31  days. 
The  observation  that  the  chick  secreted  considerable  quantities  of  androgen 
early  (before  10  days)  and  that  there  is  a  marked  increase  in  the  quantity 
at  about  30  days  post-hatching  has  been  noted  several  times  in  our  work; 
notably,  Breneman  (1945)  and  Breneman  (1950).  This  is  the  first  time, 
however,  that  it  has  been  possible  to  determine  quantitative  differences. 
Previou.sly  the  suggestion  was  made,  Breneman  (1945),  that  the  amount  of 
androgen  being  formed  in  the  males  appeared  to  have  an  inhibitory  effect 
on  the  pituitary.  Attention  should  be  directed  in  this  regard  to  the  large 
amounts  of  androgen  which  is  being  relea.sed  between  the  31.st  and  35th 
day — 46.60  gamma  daily,  and  between  the  35th  and  40th  day — 35.54  gam¬ 
ma. 

A  total  of  523  chicks  was  used  to  determine  the  gonad  weights  for  tlie 
five  day  intervals  from  10  to  40  days  of  age.  The  logarithm  of  androgen 
secreted  by  the  gonads  as  shown  in  Table  1  was  plotted  against  the  loga¬ 
rithm  of  gonad  weight  and  this  is  shown  in  Graph  2.  The  relationship  is 
remarkably  regular  but  one  important  variation  is  the  small  amount  of 
gonad  growth  which  occurs  between  31  and  35  days  of  age.  This  is  the  area 
of  the  graph  between  tlie  4th  and  5th  points  and  it  was  noted  above  tlial 
during  this  period  the  estimated  androgen  secreted  was  46.60  gamma.  This 
.suggests,  therefore,  that  the  inhibitory  level  of  androgen  would  be  aliout 
40  gamma  to  50  gamma.  Fortunately,  there  is  additional  information  on 
this  problem  furnished  by  the  pituitary  weight  and  assay  data. 

The  possibility  that  non-physiological  doses  of  the  androgen  could  be 
detected  by  the  effect  on  body  weight  has  lieen  considered  by  other  w'orkers 
and  commented  on  by  Greep  and  Jones.  Our  experimental  animals  were 
studied  during  their  most  rapid  growth  period  as  were  the  rats  used  by 
Greep  and  Jones.  It  was  expected  that  if  the  androgens  depre.ssed  growth 
it  would  be  easy  to  detect  this  effect  especially  since  it  has  lieen  .suggested 
that  the  effects  are  marked  when  the  phy.siological  dosage  is  reached  and 
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exceeded.  Reference  to  Table  2  will  demonstrate,  however,  that  there  were 
no  significant  differences  observed.  The  capons  whicli  were  });iven  only 
sesame  oil  were  lighter  than  any  other  group  except  those  given  O.OOo  mg. 
T.P.  daily.  Tlie  heavier  groups,  above  390  gms.,  show  no  correlation  with 
dosage.  As  will  be  shown  later  the  O.Oo  mg.  dosage  was  undoubtedly  al)ove 
the  physiological  level  but  the  body  weight  in  this  series  was  the  heaviest. 

Pituitary  iceight  and  assay:  It  is  especially  important  to  analyze  the 
data  for  the  pituitary  glands  in  these  experiments  because  the  dosage 
levels  of  the  injected  hormone  were  both  below  and  above  what  we  inter¬ 
pret  to  l)e  the  physiological  level  for  normal  cockerels.  These  data  are 
summarized  in  Ta))le  3  and  a  word  of  explanation  should  precede  tlie  dis- 


Table  3.  Analysis  of  fiti  itaries 


Donors 

.4ssay 

(ionad 

Cliicks 

Series 

Daily  treatment 

Series 

No. 

Treatment 

— 

units* 

Kanne 

WeiKlit  ave. 

per  pit . 

A 

10 

^  -hSesame  oil 

f).50  niK- 

A' 

ifi 

4  me.  of  A 

7.8-21  .:i 

13.25  +  0.99 

6.29 

B 

9 

'5'  +  0.5  (jamma  T.C. 

0.80  me. 

B' 

15 

4  me-  of  B 

7.0  21 .2 

12.25  ±  1  .09 

5.71 

C 

9 

V  +  1 .0  (tamma  T.i*. 

r>.;io  niK. 

C' 

14 

4  me-  of  C 

8.7-17.9 

12. .5310. 81 

5.51 

U 

10 

+  5.0  Kaiiiina  T.l’. 

5.50  me- 

D' 

i:i 

4  me-  of  I> 

0.:i-18.0 

11  .47  ±  1  .Oti 

4.07 

E 

10 

+  10.0  (saiiima  T.l’. 

5. 10  iiiK. 

E' 

12 

4  me.  of  K 

7..')-20.7 

14. 13  ±1.10 

5.49 

K 

8 

+50.0  Kamilla  T.l’. 

4 . 10  me- 

K' 

8 

4  me.  of  V 

3.7-  7.7 

5.14  +  0.45 

— 

G 

14 

d'  +  Sesame  oil 

4.00  me. 

G' 

15 

4  me.  of  (t 

5.4-14.7 

10. 13  ±0.75 

2.02 

H 

12 

9  -j-Se.same  oil 

4 . 10  iiiK. 

IC 

10 

4  me-  of  H 

5.2-14.8 

7.84±0.88 

1.15 

I 

18 

Water 

3.7-  8.0 

5.63±0.29 

♦  A  net  increase  of  35%  over  the  control  represents  one  chick  unit. 


cussion  of  their  significance.  The  test  for  total  gonadotropic  effect  of  the 
pituitaries  using  the  baby  chick  is  very  effective  and  the  action  of  the  testos¬ 
terone-propionate  on  pituitary  weights  is  very  consistent.  The  data  re¬ 
ported  by  Greep  and  Jones  in  their  Fig.  1,  and  Tables  6  and  8,  which  are 
comparable  to  our  experimental  procedures,  are  not  as  critical  as  our  data 
for  capons  although  similar  conclusions  can  be  reached. 

First  of  all,  there  is  a  marked  correlation  between  the  decrease  in  aver¬ 
age  pituitary  weight  and  the  increase  in  the  amount  of  androgen  given  the 
capons.  The  one  exception  is  the  increased  pituitary  weight  in  the  series 
B  which  was  given  0.5  gamma  T.P.  daily.  Whether  this  is  a  real  phenome¬ 
non  or  merely  sampling  variation  we  are  not  able  to  determine  at  present 
but  we  are  inclined  to  believe  that  this  is  merely  variation.  Series  F  which 
received  50.0  gamma  T.P.  daily  had  a  pituitary  weight  average  consider¬ 
ably  below  that  of  the  controls.  Series  G.  It  was  noted  in  the  discu.ssion 
of  androgen  secretion  by  the  males  that  the  calculated  amount  released 
was  between  the  10  gamma  and  50  gamma  daily  amounts.  It  was,  there¬ 
fore,  particularly  significant  to  observe  that  the  cockerel  pituitary  weight 
was  intermediate  between  that  observed  in  .series  E  and  F,  namely  4.60 
mg.  The  females  of  .series  II  were  included  here  for  both  weight  and  assay 
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comparisons.  The  pullets  have  lighter  pituitaries,  a  fact  which  was  noted 
previously,  Breneman  1940  and  it  happens  that  the  glands  weighed  the 
same  as  those  of  series  F. 

There  can  be  no  doubt  that  the  increase  in  the  weight  of  the  capon 
pituitary  is  inhibited  by  androgen  injection  and  that  this  is  closely  cor¬ 
related  with  the  dosage  employed.  As  an  interesting  comparison,  the  regres- 
.sion  equation  for  the  logarithm  of  pituitary  weight  on  the  logarithm  of  dose 
of  testosterone-propionate  was  calculated  after  subtracting  the  average 
weight  of  the  pituitary  at  10  days  which  for  32  chicks  was  1.0  mg.  The  esti¬ 
mation  of  the  amount  of  androgen  present  in  the  male  on  this  basis  was 
621.0  gamma.  This  is  in  very  close  agreement  with  the  614.9  gamma  cal¬ 
culated  for  comb-factors  and  630.3  gamma  calculated  for  comb  weights, 
and  gives  us  considerable  confidence  that  we  have  obtained  a  reasonably 
accurate  estimate  of  androgen  secretion  in  the  cockerel. 

The  pituitary  glands  were  assayed  by  injecting  acetone-dried  glands 
into  baby  chicks  which  were  kept  in  shipping  boxes  (“Chick  Pullmans”) 
without  food  or  water  during  the  injection  period.  The  testicular  weights 
were  used  as  a  measure  of  gonadotropic  potency.  The  average  weight  of  the 
pituitary  gland  in  each  series  was  known  and  the  same  amount  of  glandular 
material,  4  mg.  equivalent  of  fresh  gland,  was  given.  It  is  possible,  there¬ 
fore,  to  determine  not  only  the  per-milligram  potency  but  also  to  estimate 
the  total  potency  of  the  pituitary  glands  in  the  various  series.  This  is  a 
more  critical  analysis  than  was  possible  in  the  experiments  of  Creep  and 
Jones  in  which  varying  amounts  of  pituitary  gland  were  administered  to 
their  assay  animals. 

The  assay  data  are  summarized  in  the  right  half  of  Table  3.  Eighteen 
animals,  series  I,  were  given  only  water  injections  and  served  as  control 
chicks.  The  range  of  testis  weights  of  3.7  mg.  to  8.0  mg.  is  consistent  with 
that  observed  in  other  assays  which  we  have  run.  The  mean  of  5.63  mg. 
is  slightly  higher  than  that  usually  encountered  but  probably  reflects  the 
fact  that  for  this  assay  only  strong  active  chicks  were  used.  Any  cockerels 
which  appeared  weak  or  inactive  were  discarded  before  injections  began. 
The  minimum  and  maximum  testis  weights  in  series  A'  through  E'  all 
exceeded  the  controls,  as  did  also  those  of  series  C'  and  H'  which  were  given 
control  male  and  female  pituitary  glands.  Only  in  series  F'  was  the  range 
comparable  to  that  of  the  water  controls.  It  is  important  to  analyse  these 
results  in  more  detail.  Series  A'  through  E'  received  pituitary  material 
from  the  donor  series  A  through  E  respectively,  and  the  animals  in  these 
series  were  given  from  0.5  gamma  to  10  gamma  of  T.P.  daily.  The  mean 
weight  of  the  testes  in  these  groups  ranged  from  11.45  mg.  in  series  D' 
to  14.13  mg.  in  series  E'  and  the  differences  are  not  statistically  significant. 
Series  F',  however,  which  was  given  pituitary  gland  from  capons  that  re- 
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eeived  50.0  gamma  daily  of  T.P.  had  a  mean  testis  weight  of  5.14  mg. 
slightly  below  that  of  the  water  injected  controls.  It  is  obvious  that  the 
50  gamma  dosage  of  T.P.  completely  inhibited  the  pituitary  gland.  It 
should  be  remembered  that  the  pituitary  weight  was  also  greatly  inhibited 
in  series  F,  averaging  only  4.10  mg.  likewise,  in  the  normal  chicks  at  31 
to  35  days  of  age  where  a  calculated  androgen  secretion  of  4t).()0  gamma 
daily  was  postulated  testis  growth  appeared  to  be  inhibited.  The  “npn- 
physiological”  dosage  of  T.P.  woidd  appear  to  be  approximately  50  gamma 
daily. 

It  is  interesting  to  compare  series  CP  and  H',  which  received  normal 
male  and  female  pituitaries,  with  the  various  capon  series.  The  mean  testis 
weight  for  the  male,  series  O',  was  10.13  mg.  and  for  the  female,  series  IP 
was  7.84  mg.  The  male  pituitary  is,  therefore,  more  potent  than  that  of 
the  female  but  less  potent  than  that  of  the  capon.  Furthermore,  since  the 
weight  of  the  female  glands  by  coincidence  was  the  same  as  that  observed 
for  series  F'  it  will  be  seen  that  weight  differences  alone  do  not  account  for 
the  differences  in  gonadotropic  potency. 

The  pituitary  weight  and  assay  data  furnish  a  very  surprising  picture 
when  considered  together  l)ecause  the  weight  of  the  capon  pituitaries 
varies  inversely  with  the  dosage  of  the  hormone  administered  but  the 
potency  per  unit  of  weight  is  not  decreased  until  the  50.0  gamma  dosage 
level  is  reached.  This  fact  led  us  to  make  some  additional  analyses  of  the 
experiments. 

Since  all  assay  chicks  received  the  same  amount  of  acetone-dried  gland 
(4  mg.  equivalent  of  fresh  gland),  and  since  the  average  pituitary  weight  in 
each  series  was  known,  it  is  possible  to  estimate  the  total  activity  of  the 
pituitary  gland  in  each  series.  This  estimation  was  based  on  our  previous 
observation  that  a  net  increase  of  35%  in  testis  weight  was  usually  signifi¬ 
cant  in  this  assay  technique  (Breneman  1945).  We  have  called  this  a  “chick 
unit.”  The  total  gonadotropic  potency  of  the  glands  in  terms  of  chick  units 
is  shown  in  the  extreme  right  hand  column  of  Table  3.  There  is  a  rather 
consistent  decrease  in  the  total  activity  of  the  pituitary  as  the  dosage  of 
androgen  increases.  The  data  for  series  D'  and  PT  are  the  only  ones  deviat¬ 
ing  to  any  marked  degree,  but  even  these  series  are  not  far  out  of  line,  and 
the  po.ssibility  that  these  increases  may  be  real  should  be  sul)jected  to 
further  study.  These  facts  illustrate  that  the  total  gonadotropic  content 
of  the  pituitary  was  lowered  following  the  administration  of  even  low  dos¬ 
ages  of  androgen  but  that  this  decrease  was  due  not  to  lower  activity  per 
unit  of  gland  but  to  the  decrease  in  the  total  amount  of  gland  present. 

The  second  important  analysis  of  the  action  of  the  androgen  is  l)ased 
on  the  cytological  appearance  of  the  glands.  Dr.  P'ernandus  Payne  was 
kind  enough  to  fix  and  stain  two  pituitaries  from  each  of  the  series  A 
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through  H.  The  glands  were  given  to  him  with  only  a  serial  number  to 
identify  them  and  he  had  no  knowledge  of  the  treament  or  sex  of  any  of 
the  animals  from  which  the  pituitaries  were  taken.  His  report  on  the  cyto- 
logical  features  of  the  glands  was  as  follows:  The  pituitaries  of  the  capon 
series  A  through  E  were  indistinguishable  insofar  as  cellular  composition 
was  concerned.  All  were  composed  almost  exclusively  of  large  active 
basophilic  cells.  Series  G,  the  control  males,  had  large  numbers  of  active 
basophiles  but  much  fewer  than  those  present  in  the  capon  series.  The 
pituitaries  of  series  H,  the  females,  had  some  active  basophiles  and  many 
acidophiles,  and  differed  in  this  respect  from  any  of  the  other  glands.  The 
most  striking  differences,  however,  were  in  the  pituitary  glands  of  series  F, 
from  capons  which  were  given  50.0  gamma  of  T.P.  daily.  These  glands  were 
notable  because  of  a  complete  absence  of  any  large  active  basophilic  cells 
and  the  presence  of  numerous  chromophobic  cells.  It  is  now  generally 
accepted  that  the  basophiles  are  responsible  for  the  secretion  of  gonado¬ 
tropins  or  at  least  of  the  follicle-stimulating-hormone  (gametogenic), 
F.S.H.  These  independent  observations  of  Dr.  Payne  on  unknown  material 
correlated  beautifully  with  the  variations  in  gonadotropic  potency  which 
we  have  summarized  in  Table  3. 

The  relation  of  the  foregoing  observations  to  the  conflicting  hypotheses 
of  pituitary-gonad  interaction  may  be  best  resolved  by  accepting  a  com¬ 
promise  view'point  with  somewhat  greater  emphasis  on  the  inhibition  of 
the  pituitary  by  androgen.  Certainly  at  a  high  dosage  level,  50  gamma 
daily  or  above,  the  gonadotropic  action  of  the  pituitary  is  completely  sup¬ 
pressed.  At  the  low  dosages  of  0.5  gamma,  1.0  gamma,  5.0  gamma,  and 
10.0  gamma  daily,  which  we  believe  to  be  within  the  range  of  “physiological 
dosages,”  the  activity  per  unit  of  gland  is  not  altered  but  the  total  weight 
of  the  gland  is  decreased.  This  means,  of  course,  that  in  the  overall  physio¬ 
logical  picture  of  the  endocrine  system  the  total  amount  of  gonadotropin 
would  be  decreased.  Since  our  observations  were  made  on  capons  it  is 
imperative  that  similar  studies  should  be  made  on  normal  males,  females, 
and  ovariectomized  females;  such  studies  are  in  progress. 

SUMMARY  AND  CONCLUSIONS 

The  growth  of  the  capon  comb  as  represented  by  either  a  comb-factor 

(Height  X  Length  mm.)  u  •  u.  uj-  +  •  u.  r  u 

- or  by  comb  weight  resulted  in  a  straight  line  when 

2 

plotted  as  the  logarithm  of  size  against  the  logarithm  of  dosage  of  testos¬ 
terone-propionate  administered.  Excellent  comb  growth  was  produced 
by  as  little  as  0.5  gamma  and  1.0  gamma  of  T.P.  daily. 

The  determination  of  regression  equations  for  the  various  periods  during 
the  experiment  made  it  possible  to  estimate  the  amount  of  androgen  se- 
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creted  in  cockerels  at  various  ages  from  10  days  to  40  days  post-hatching. 
The  average  daily  amount  secreted  was  equivalent  to  20.50  gamma  of 
testosterone-propionate.  The  secretion  rate,  however,  was  not  uniform  and 
a  very  marked  increase  occurred  during  the  30-40  day  period.  Considera¬ 
ble  comb  growth  was  evident  in  the  control  capons  and  this  is  recognized  as 
affording  a  problem  for  future  study. 

The  question  of  a  “physiological  dosage”  of  the  androgen  was  considered. 
None  of  the  dosages  used  had  any  significant  effect  on  body  weight.  The 
pituitary  weights  of  the  capons  given  50.0  gamma  daily  of  T.P.  had  glands 
which  were  considerably  smaller  than  those  of  the  controls.  The  assay  of 
the  pituitaries  demonstrated  that  per  unit  of  weight  the  capon  glands  had 
more  gonadotropic  potency  than  those  of  the  males  and  that  the  T.P. 
had  no  effect  on  this  unit  potency  until  the  50.0  gamma  dosage  was  em¬ 
ployed.  This  dosage,  however,  completely  depressed  the  gonadotropic 
action  of  the  gland  and  this  indicates  that  there  are  two  effects  of  injected 
androgen;  first,  on  storage  or  secretion  and  second  on  gland  weight. 

A  cytological  study  of  the  pituitaries  made  independently  by  Dr. 
Fernandus  Payne  showed  that  the  variation  in  the  gonadotropic  activity 
of  the  glands  could  be  correlated  with  the  number  and  size  of  the  basophilic 
cells  present.  The  50.0  gamma  dosage  completely  suppressed  the  baso- 
philes  and  the  glands  were  largely  composed  of  chromophobes,  but  the 
other  dosages  had  no  detectable  cytological  effect. 

The  fact  that  these  data  demonstrate  inhibition  of  the  gonadotropin 
content  of  the  pituitary  following  injection  of  testosterone-propionate  at 
both  physiological  and  non-physiological  dosage  levels  supports  the 
“teeter-totter”  hypothesis  of  gonad-pituitary  interaction.  It  must  be 
recognized,  however,  that  at  physiological  dosage  levels  this  inhibitory 
effect  was  produced  in  the  capons  solely  as  a  result  of  decreased  pituitary 
size  and  not  by  any  suppression  of  the  number  and  size  of  the  basophilic 
cells.  These  observations  seem  to  be  more  nearly  in  accord  with  the 
“target-organ”  hypothesis. 
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THE  INHIBITION  OF  HAIR  GROWTH  BY  ESTROGENS 
AS  RELATED  TO  ADRENAL  CORTICAL  FUNCTION 
IN  THE  MALE  RAT‘ 

DWIGHT  J.  INGLE  and  BURTON  L.  BAKER 

Research  Laboratories,  The  Upjohn  Company,  Kalamazoo,  Michigan  and  The  Department 
of  Anatomy,  University  of  Michigan  Medical  School,  Ann  Arbor,  Michigan 

The  systemic  administration  of  large  doses  of  estrogen  over  a  period 
of  several  weeks  suppresses  the  growth  of  hair  in  rats.  Hair  growth 
can  be  similarly  inhibited  by  large  doses  of  adrenal  cortex  extracts,  11- 
oxygenated  steroids  or  of  hypophyseal  adrenocorticotropin  (ACTH). 
It  is  known  that  large  doses  of  estrogen  cause  stimulation  of  the  adrenal 
cortex  via  the  increased  secretion  of  hypophyseal  adrenocorticotropin. 
Hair  growth  is  accelerated  following  adrenalectomy  in  the  rat.  Baker  and 
Whitaker  (1949)  and  Baker  (In  press)  have  reviewed  the  published  data 
bearing  on  this  problem  and  have  demonstrated  that  whereas  estrogen 
inhibits  hair  growth  in  non-adrenalectomized  rats,  it  fails  to  inhibit  hair 
growth  in  adrenally  insufficient  rats. 

Baker  and  Whitaker  (1949)  have  raised  the  question  which  is  the  subject 
of  the  present  study,  namely:  Is  the  hair-growth  inhibiting  effect  of  estro¬ 
gen  mediated  by  an  increase  in  the  secretory  activity  of  the  adrenal  cortex, 
or  do  the  cortical  hormones  play  a  supporting  role  as  Ingle  (1950)  has 
described  for  certain  other  metabolic  adjustments?  The  data  of  this  study 
show  that  estrogen  has  an  effect  upon  hair  growth  in  the  rat  which  is  not 
mediated  by  any  change  in  the  secretory  activity  of  the  adrenal  cortices 
but  which  does  require  the  presence  of  the  cortical  hormones  for  its  mani¬ 
festation. 


METHODS 

Male  rats  of  the  Sprague-Dawley  strain  having  an  initial  weight  of  approximately 
300  gms.  were  used  in  these  experiments.  The  animals  were  adapted  to  the  forced-feed¬ 
ing  of  a  medium  carbohydrate  diet  (Table  1)  in  the  amount  of  13  ml.  each  morning  and 
late  afternoon.  The  diet  and  procedures  were  modifications  of  those  described  by 
Reinecke,  Ball  and  Samuels  (1939). 

Adrenalectomy  was  carried  out  under  ether  anesthesia  according  to  Ingle  and 
Griffith  (1942).  A.sepsis  was  maintained  in  this  operation.  All  of  the  rats  were  given  ^.9 
per  cent  sodium  chloride  solution  to  drink  throughout  the  experiment.  The  adrenal  cortex 

Received  for  publication  February  19,  1951. 

*  This  investigation  was  supported  (in  part)  by  a  research  grant  (C-768-C2)  from  the 
National  Cancer  Institute  of  the  National  Institutes  of  Health,  Public  Health  Service. 


764 


June,  1951 


HAIR  GROWTH  AND  ESTROGENS 


765 


extract  (ACE)  represented  40  gms.  of  beef  adrenal  glands  per  ml.  It  was  free  from  alcohol 
but  contained  0.9  per  cent  sodium  chloride.  The  ACE  was  added  to  the  drinking  water 
(saline),  and  the  total  volume  was  adjusted  to  meet  the  daily  requirement  of  each  animal. 
Alpha-estradiol  (Ciba)  was  diluted  with  peanut  oil  so  that  each  dose  was  given  at  0.2 
ml.  daily  by  subcutaneous  injection.  The  control  animals  received  equal  volumes  of 
peanut  oil. 

The  hair  was  clipped  from  the  areas  under  observation  at  weekly  intervals.  An  electric 
clipper  with  a  000  head  was  used.  In  the  first  experiments,  the  pattern  of  hair  growth 
on  the  whole  body  was  sketched  each  week  prior  to  clipping.  In  the  last  3  experiments, 
the  growth  of  hair  was  studied  on  one  side  of  the  body  in  an  area  bounded  by  the  mid¬ 
dorsal  and  mid-ventral  lines  and  the  anterior  and  posterior  extremities.  In  addition  to 


Table  1.  Medium  carbohydrate  diet 


Constituent 

Grams 

Cellu  flour  (Chicago  Dietetic  Supply) 

120 

Osborne  &  Mendel  salt  mixture 

40 

Dried  yeast  (Pabst) 

100 

Wheat  germ  oil 

10 

Cod  liver  oil 

10 

Mazola  oil  plus  100  mg.  Vitamin  K 

10 

Mazola  oil 

190 

Casein  (Labco) 

160 

Starch 

200 

Dextrin 

190 

Sucrose 

200 

Water  to  make  total  of  cc. 

2,000 

the  sketching  of  the  patterns  of  hair  growth,  the  clipped  hair  was  carefully  collected 
and  weighed.  At  necropsy,  a  strip  of  skin,  extending  from  the  mid-ventral  to  the  mid¬ 
dorsal  line  was  prepared  for  histological  study.  Sections  of  these  strips  of  skin  were 
stained  with  iron  hematoxylin  and  Masson,  hematoxylin,  and  eosin  and  the  Weigert 
stain  for  elastic  fibers. 


EXPERIMENTS  AND  RESULTS 

In  experiment  1,  one  rat  of  each  of  6  pairs  was  given  20  Mg-  of  estradiol 
daily  for  9  weeks.  At  the  end  of  the  5th  week,  2  pairs  of  rats  were  subjected 
to  sham  adrenalectomy;  2  pairs  of  rats  were  adrenalectomized  and  were 
maintained  without  ACE;  and  2  pairs  were  adrenalectomized  and  given 
5  ml.  of  ACE  daily.  The  estrogen-treated  rats  showed  partial  suppression 
of  hair  growth  by  the  end  of  4  weeks.  The  injection  of  oil  in  the  control 
animals  was  without  effect  upon  the  growth  of  hair.  Sham-adrenalectomy 
did  not  modify  the  inhibitory  effect  of  estrogen  upon  hair-growth.  Follow¬ 
ing  adrenalectomy  without  subsequent  treatment  with  ACE,  the  estrogen 
failed  to  maintain  the  inhibition  of  hair-growth.  Regrowth  of  hair  was 
evident  3  weeks  following  adrenalectomy.  In  contrast,  treatment  of  adren¬ 
alectomized  rats  with  5  ml.  of  ACE  daily  sustained  the  inhibition  of  hair 
growth  effected  by  the  estrogen  but  did  not  prevent  the  growth  of  hair  in 
the  adrenalectomized  animals  which  were  given  control  injections  (oil). 
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Experiment  2  was  identical  with  experiment  1  except  that  the  daily 
dose  of  estrogen  was  40  mK-  daily.  The  results  were  relatively  the  same. 
The  inhibition  of  hair  growth  by  this  dose  of  estrogen  was  almost  complete 
yet  the  inhibition  was  not  sustained  in  the  adrenalectomized  rat  unless  the 
animal  was  treated  with  ACE  (5  ml.  daily).  The  re.sults  are  illustrated  by 
the  drawings  of  hair  growth  patterns  in  Figure  1. 


Fig.  1.  Drawings  of  hair  pattern  grown  during  the  4th  week  following  operation. 

The  thickness  of  growth  is  represented  by  the  intensity  of  shading.  H-13,  sham  adrenal¬ 
ectomy,  estrogen;  H-14,  sham  adrenalectomy,  control;  H-15,  adrenally  insufficient, 
estrogen;  H-16,  adrenally  insufficient,  control;  H-17  ACE-treated  adrenalectomized, 
estrogen;  H-18,  ACE-treated,  control. 

In  experiment  3,  one  rat  of  each  of  6  pairs  was  given  40  /xg.  of  estrogen 
daily  for  14  weeks.  At  the  end  of  4  weeks,  2  pairs  of  rats  were  subjected 
to  sham-adrenalectomy,  .2  pairs  of  rats  were  adrenalectomized  and  kept 
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without  treatment  with  ACE,  and  2  pairs  w'ere  adrenalectomized  and 
treated  with  10  ml.  of  ACE  daily.  The  general  results  were  identical  with 
those  of  experiments  1  and  2.  Estrogen  inhibited  hair-growth  in  the  pres¬ 
ence  of  the  adrenal  glands,  failed  to  sustain  inhibition  of  hair  growth  in 
adrenally  insufficient  animals,  but  did  continue  to  inhibit  hair  growth  in 
adrenalectomized  rats  treated  with  ACE. 

Experiment  4  was  identical  with  experiment  3  except  that  the  animals 
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Fig.  2.  The  effect  of  estrogen  upon  hair  growth  on  one-half  of  body  as  related  to 
adrenal  cortex  function.  Averages  of  2  rats  per  group. 

were  operated  at  the  end  of  the  7th  week  and  the  observations  were  con¬ 
tinued  for  10  weeks  postoperatively.  The  data  on  weights  of  hair  which 
was  clipped  at  weekly  intervals  are  summarized  in  Figure  2. 

■  Experiment  5  involved  12  adrenalectomized  rats.  The  animals  were 
treated  with  saline  for  two  weeks  following  operation.  Thereafter,  each 
rat  received  8  ml.  of  ACE  daily  for  a  period  of  9  weeks.  One  rat  of  each  pair 
was  given  40  ng.  of  estrogen  daily.  The  data  on  weights  of  hair  are  sum¬ 
marized  in  Figure  3.  The  administration  of  estrogen  caused  suppression  of 
hair  growth  which  became  evident  by  the  end  of  4  weeks.  The  control 
animals  which  received  the  same  amounts  of  ACE  showed  some  temporary 
decrease  in  hair  growth. 
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Fig.  3.  The  effect  of  estrogen  upon  hair  growtli  on  one-half  of  body  of  adrenalec- 

tomized  rats  treated  with  8  ml.  of  ACE  daily.  Averages  of  6  rats  per  group. - 

estrogen, - control. 


MICROSCOPIC  OBSERVATIONS 

In  the  skin  of  non-adrenalectomized  rats  treated  with  estrogen,  there 
were  practically  no  growing  hair  bulbs.  Almost  all  of  the  follicles  were 
inactive,  extending  not  more  than  about  one-third  of  the  distance  through 
the  dermis  (Figs.  4a  and  4b).  In  contrast,  if  adrenalectomy  had  been 
performed,  continued  growth  of  hair  in  spite  of  estrogen  treatment  was 
confirmed  by  the  presence  of  many  hair  bulbs  extending  into  the  subcu¬ 
taneous  fat.  When  ACE  was  administered  to  adrenalectomized  rats  con¬ 
currently  with  estrogen,  the  hair  follicles  were  brought  to  a  morphological 
state  comparable  with  that  induced  by  estrogen  alone  in  non-operated 
animals  (Fig.  4d).  In  some  of  the  rats  which  had  been  adrenalectomized 
one  month  prior  to  the  initiation  of  the  injections,  this  inactivation  of  the 
hair  apparatus  had  been  so  complete  that  epithelial  buds  were  almost 
totally  absent. 

Some  thinning  of  the  epidermis  occurred  in  non-operated  animals  treated 
with  estrogen  which  confirms  previously  published  reports  (Hooker  and 
Pfeiffer,  1943;  Baker  and  Whitaker,  1949).  Estrogen  did  not  elicit  this 
effect  after  adrenalectomy  with  or  without  the  concurrent  administration  of 
ACE.  The  dermis  was  reduced  in  thickness  by  estrogen  in  both  non- 
operated  and  adrenalectomized  rats.  However,  the  microscopic  structure 
of  the  dermis  was  not  modified  except  that  the  tissue  became  more  compact 
and  the  collagenous  fibers  somewhat  smaller.  No  changes  were  observed  in 
the  dermal  elastic  fibers. 

In  non-operated  rats,  estrogen  induced  only  a  slight  loss  of  fat  from  the 
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panniculus  adiposus  which  stands  in  contrast  to  the  complete  depletion 
of  this  fat  which  occurred  in  rats  injected  with  ACTH  (Baker,  Ingle,  Li 
and  Evans,  1948).  Failure  of  estrogen  and  ACTH  to  bring  about  similar 
effects  may  have  been  due  to  a  difference  either  in  physiological  action  or  in 
dosage.  Likewise,  in  adrenalectomized  rats,  subcutaneous  fat  remained 
after  treatment  with  estrogen  and  ACE  separately.  Failure  of  extract  to 


Fig.  4.  Photomicrographs  of  skin.  H.  and  E.X120.  4a.  Rat  H-38.  Sham  adrenalec¬ 
tomy  control  for  H-43.  The  bulbs  of  actively  growing  hair  follicles  are  present  in  the 
panniculus  adiposus.  4h.  Rat  H-43.  Sham  adrenalectomy.  40  /ig.  of  estradiol  daily  for  7 
weeks  before  and  for  10  weeks  after  operation.  The  epidermis  and  dermis  are  thinner. 
Hair  is  not  growing.  The  panniculus  adiposus  is  thick.  4c.  Rat  H-56.  Adrenalectomy  2 
weeks  prior  to  the  expeiiment.  8  ml.  of  Ace  daily  for  9  weeks.  No  estrogen.  Compared 
to  4a,  no  significant  changes  have  been  induced.  4d.  Rat  H-57.  Treatment  as  for  H-56 
except  that  40  /ig.  of  estradiol  was  administered  daily  with  ACE.  Hair  is  not  growing 
and  the  panniculus  adiposus  is  thick.  The  dermis  is  thinner  than  in  4c. 
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reduce  significantly  the  thickness  of  the  panniculus  adiopsus  was  due  to 
insufficient  dosage,  since  with  more  intense  treatment,  the  fat  may  be 
removed  completely  from  this  region  (Baker  and  Ingle,  unpublished  ob¬ 
servations).  When  estrogen  and  ACE  were  administered  together,  the 
amount  of  fat  in  this  region  frequently  was  greater  than  under  any  of  the 
other  conditions  of  treatment  in  this  experiment. 

DISCUSSION 

These  data  confirm  the  observations  of  Baker  and  Whitaker  (1949)  in 
showing  that  the  characteristic  inhibition  of  hair  growth  by  large  doses  of 
estrogen  does  not  occur  in  the  adrenally  insufficient  rat.  The  hypothesis 
that  an  increase  in  the  secretory  activity  of  the  adrenal  cortex  mediates 
all  of  the  effect  of  estrogen  upon  hair  growth  is  not  supported  by  the  data 
of  this  study.  Estrogen  has  an  inhibitory  effect  upon  hair  growth  which 
is  independent  of  any  change  in  secretory  activity  of  the  adrenal  cortices 
although  it  requires  the  presence  of  cortical  hormones  for  its  full  mani¬ 
festation. 

The  hair  of  the  rat  grows  in  cycles  and  the  amount  of  total  hair  grown 
per  unit  time  is  highly  irregular.  The  data  on  weights  of  hair  (Figures  2 
and  3)  suggest,  but  do  not  prove,  that  estrogen  inhibited  hair  growth  to 
some  extent  in  the  adrenally  insufficient  rat  and  that  the  administration 
of  ACE  without  estrogen  caused  some  inhibition.  However,  the  results 
of  each  experiment  were  consistent  in  showing  that  estrogen  caused  an 
almost  complete  blocking  of  hair  growth  in  non-adrenalectomized  and  in 
ACE-treated  adrenalectomized  rats  but  failed  to  have  its  full  inhibitory 
effect  in  the  adrenally  insufficient  rat.  Ingle  (1943)  has  shown  that  the 
hormones  of  the  adrenal  cortex  have  a  similar  relationship  to  the  diabeto¬ 
genic  effect  of  estrogen  in  the  rat.  Ingle,  Ward  and  Kuizenga  (1947)  have 
shown  that  the  characteristic  rise  in  urinary  nitrogen  following  fractures 
of  bone  does  not  occur  in  the  adrenally  insufficient  rat  but  is  supported  by 
the  administration  of  ACE  which  was  uniform  in  amount  during  the  pre¬ 
fracture  and  the  post-fracture  periods.  There  are  many  metabolic  adjust- 
■  ments  which  are  suppressed  in  the  adrenally  insufficient  animal  and  have 
therefore  been  thought  to  be  reguliAed  by  changes  in  the  secretory  activ¬ 
ity  of  the  adrenal  cortices.  These  metabolic  responses  must  be  studied  in 
adrenalectomized  animals  given  a  steady  intake  of  adrenal  cortical  hor¬ 
mones  before  it  can  be  decided  whether  the  cortical  hormones  play  a  regu¬ 
latory  role  based  upon  changes  in  the  quantitative  secretion  of  the  hor¬ 
mones  or  whether  the  role  of  the  hormones  should  be  characterized  as  sup¬ 
porting. 

The  appearance  of  the  adrenalectomized  rats  treated  with  estrogen 
deserves  some  comment.  Most  investigators,  including  ourselves,  have 
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found  large  doses  of  estrogen  to  be  toxic  to  adrenally  insufficient  rats.  In 
these  experiments,  tlie  rats  were  force-fed,  given  saline  to  drink  and  were 
adapted  to  the  estrogen  prior  to  adrenalectomy.  Under  these  conditions, 
the  overt  appearance  and  behavior  of  these  animals  suggested  that  the 
administration  of  estrogen  may  hav’e  had  a  favoral)lc  effect  upon  these 
animals.  At  least  estrogen  did  not  preceipitate  signs  of  adrenal  cortical 
insufficiency.  A  systematic  study  of  the  effect  of  estrogen  treatment  prior 
to  and  following  adrenalectomy  is  indicated. 

SUMMARY 

Male  rats  of  the  Sprague-Dawley  strain  were  force  fed  a  medium  carbo¬ 
hydrate  diet  during  a  study  of  the  effect  of  large  doses  of  estrogen  (20  to 
40  ng.  day)  on  hair  growth.  The  following  experimental  conditions  were 
represented;  (1)  sham  adrenalectomy,  no  estrogen;  (2)  sham  adrenalec¬ 
tomy,  estrogen;  (3)  adrenalectomy,  no  adrenal  cortex  extract  (ACP])  and 
no  estrogen;  (4)  adrenalectomy,  no  ACE,  estrogen;  (5)  adrenalectomy 
treated  with  ACE  (5  to  10  ml.  day)  no  estrogen;  and  (0)  adrenalectomy 
treated  with  ACE,  estrogen.  Two  rats  were  studied  under  each  of  these 
conditions  in  each  of  4  separate  experiments.  Estrogen  inhibited  hair 
growth  in  non-adrenalectomized  rats  and  in  adrenalectomized  rats  treated 
with  ACE  but  failed  to  sustain  inhibition  of  hair  growth  in  adrenally  in¬ 
sufficient  rats.  In  a  5th  experiment,  12  adrenalectomized  rats  were  treated 
with  ACE  for  a  period  of  9  weeks.  Six  of  the  rats  received  estrogen  and  0  did 
not.  Estrogen  almost  completely  inhibited  hair  growth  whereas  hair 
continued  to  grow  in  the  ACE-treated  rats  without  estrogen.  Alicroscopic 
observations  of  the  skin  showed  that  estrogen  suppressed  the  activity  of 
the  hair  follicle  in  non-adrenalectomized  rats  and  in  adrenalectomized 
rats  treated  with  ACE  but  did  not  have  this  effect  in  the  adrenally  in¬ 
sufficient  rats. 
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A  CYTOCHEMK’AL  STUDY  OF  LIPIDS  IX  SOWS’ 
OVARIES  DURIXCJ  THE  ESTROUS  CYCLF?^ 
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Boston,  Massachusetts 

The  present  study  concerns  the  lipids  in  sows’  ovaries,  investigated 
by  a  group  of  cytocheinical  tests  which  characterizes  steroid-produc¬ 
ing  cells.  Earlier,  Dempsey  and  Bassett  (1943)  and  MacKay  and  Robinson 
(1947)  employed  similar  tests  to  investigate  the  ovaries  of  rats  and  of 
humans.  Sows’  ovaries  are  readily  available,  and  Corner’s  (1921)  measure¬ 
ments  of  the  relative  sizes  of  their  follicles  and  corpora  lutea  during  the 
several  phases  of  the  estrous  cycle  permit  one  to  date  the  ovaries  without 
recourse  to  vaginal  smears.  The  .sow,  like  the  human,  has  a  long  reproduc¬ 
tive  cycle  (21  days)  with  a  typical  luteal  phase,  and  its  ovary  also  contains 
relatively  little  interstitial  ti.ssue.  By  the  study  of  a  suitably  large  number 
of  specimens  from  different  phases  of  the  cycle,  it  was  hoped  that  the  sites 
of  hormone  production  as  well  as  the  periods  of  most  active  secretion  could 
be  ascertained. 


MATERIALS  AND  METHODS 

Determination  of  the  stage  of  the  cycle.  The  ovaries  from  25  .sows  were  studied.®  These 
were  daterl  in  the  estrous  cycle  according  to  the  method  of  Corner  (1921)  hy  measuring 
the  diameters  of  the  follicles  and  corj)ora  lutea  i)rotruding  from  their  surfaces.  None  of 
the  ovaries  selected  belonged  to  uteri  which  were  visibly  pregnant.  For  metestrus  (first 
3  days  after  ovulation),  4  ovaries  were  selected  with  follicles  less  than  5  mm.  in  diameter 
and  corpora  lutea  of  6  to  7  mm.  in  diameter,  containing  visible  blood  clots.  For  diestrus 
(4  to  17  days  after  ovulation),  6  glands  were  chosen  with  follicles  of  5  mm.  and  corpora 
lutea  of  9  or  10  mm.,  w’ith  a  pink  tinge.  For  proestrus-to-estrus  (18th  day  to  ovulation), 
8  ovaries  were  selected  with  clear,  translucent  follicles  measuring  8  to  10  mm.  and 
corpora  lutea  of  about  6  or  7  mm.,  with  a  yellowish  tinge.  On  the  basis  of  subsequent 
histological  observations  the  ovaries  could  be  classified  more  precisely.  The  remaining 
7  ovaries  contained  one  or  more  abnormal  structures. 
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Histological  procedures.  The  ovaries  were  bisected.  For  routine  histolof^ical  study, 
one-half  of  each  was  fixed  in  Bouin’s  fluid  for  24  hours.  For  the  study  of  lii)ids,  tlie  other 
half  was  fixed  in  a  .solution  of  10%  neutralized  formalin  for  a  week  or  lonf?er.  The  Idocks 
were  immersed  in  the  fixing  solutions  within  20  to  30  minutes  after  tlie  animal  was 
killed. 

The  blocks  fixed  in  Bouin’s  fluid  were  deliydrated  in  alcoliol  and  chloroform  and 
then  embedded  in  paraffin.  Sections  were  cut  at  lOp  and  stained  witli  Harris’  liematoxylin 
and  eosin. 

The  formalin-fixed  specimens  were  first  waslied  in  running  taj)  water  foi-  an  liour,  tlien 
sectioned  at  20  p,  on  a  freezing  microtome.  Most  of  them  were  cut  without  the  use  of 
any  eml)edding  medium,  but  the  8  specimens  with  large  follicles  were  infiltrated  with  an 
acpieous  solution  of  gum  acacia  and  sugar  at  rf)om  temperature  for  24  hours  before  cut¬ 
ting.  This  eml>edding  mixture  consisted  of  equal  parts  of  a  75%  solution  of  gum  acacia 
and  a  saturated  solution  of  sucrose.  One  section  from  each  ovary  was  stained  for  lipids 
in  a  1%  solution  of  sudan  black  B  in  70%  alcohol  for  4  minutes.  Other  sections  were 
stained  for  carbonyl  groups  with  Schiff’s  reagent  without  the  use  of  mercuric  chloride 
or  by  the  Ashbel-Seligman  (1949)  procedure.  The  above  sections  were  mounted  in  glycerin 
jelly.  An  additional  section  from  each  ovary  was  mounted  unstained  and  studied  under 
the  polarizing  and  fluorescence  microscopes.  Control  sections  were  extracted  for  1 
hour  with  acetone  at  room  temperature  and  then  prei)ared  by  each  of  the  methods 
listed  above. 


OBSERVATIONS 

The  ovarian  follicles.  Primordial  follicles,  lacking  an  antrum,  exhibit 
lipid  only  in  the  ovum  (Figs.  1  and  2).  At  this  and  subsequent  stages  in 
follicular  development,  the  droplets  in  the  ovum  dissolve  in  acetone,  react 
to  carbonyl  tests,  and  contain  liirefringent  crystals  (Fig.  3). 

As  soon  as  the  follicles  become  vesicular,  they  acquire  lipid  in  the  basal 
cells  of  the  granulosa  as  well  as  in  the  cells  of  the  developing  tlieca  interna 
(Fig.  4;  also  24).  The  droplets  in  the  granulosa  are  occasionally  birefringent 
(Figs.  5  and  8)  but  fail  to  react  with  carbonyl  reagents  and  are  not  fluore.s- 
cent.  They  are  entirely  soluble  in  acetone.  During  the  preovulatory  swell¬ 
ing  of  the  follicles,  in  proestrus-to-estrus,  the  droplets  of  the  basal  cells 
diminish  in  number,  whereas  a  diffuse  cytoplasmic  staining  of  all  of  the 
granulosa  cells  with  .sudan  black  and  the  carbonyl  reagents  emerges  (Figs. 
6  and  7). 

The  lipid  droplets  which  develop  in  the  cells  of  the  theca  interna  are 
brightly  birefringent  throughout  the  life  of  the  follicles  (Figs.  3,  5  and  8). 
During  proestrus,  as  the  thecal  cells  enlarge  and  begin  to  indent  the  granu¬ 
losa,  the  droplets  increase  in  number  (Fig.  6)  and  acquire  a  weak  carbonyl 
reaction  (Fig.  7)  and  a  yellowish  fluorescence.  Their  birefringent  crystals 
appear  finer  and  more  numerous  (Fig.  8). 

The  corpora  lutea.  During  the  first  3  days  after  ovulation  (metestrus), 
some  of  the  large  theca  interna  cells  remain  at  the  periphery  of  the  develop¬ 
ing  corpora  lutea,  while  others  invade  the  granulosa  with  the  sprouting 
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blood  vessels.  The  cells  of  granulosa  origin  })egin  to  hypertrophy.  All  of  the 
lutein  cells  display  numerous  large  lipid  droplets;  the  droplets  are  most 
crowded,  however,  in  the  theca  lutein  cells  and  in  those  granulosa  lutein 
cells  which  lie  adjacent  to  the  central  coagulum  (Figs.  9  and  10).  Many  of 
the  droplets  in  both  types  of  lutein  cells  react  with  carbonyl  reagents 
(Fig.  11)  and  display  coarse  birefringent  crystals.  The  droplets  of  the  theca 
cells  display  a  yellowish  fluorescence.  All  of  the  reactions  mentioned  are 
prevented  by  prior  extraction  with  acetone.  A  diffuse  yellowish-white 
fluorescence  of  the  innermost  granidosa  lutein  cells  remains  unaffected  by 
acetone  treatment. 

During  early  diestrus  (from  4  to  7  days  after  ovulation),  the  granulosa 
lutein  cells  continue  to  hypertrophy  until  the  corpora  lutea  attain  their 
definitive  size  and  structure  (Fig.  12).  During  this  stage  and  throughout 
the  peak  of  diestrus  (8  to  14  days),  the  over-all  concentration  of  lipid  is 
lower  than  during  metestrus.  The  droplets  remain  numerous  in  the  theca 
lutein  cells,  so  that  these  are  readily  distinguishable  from  the  lighter  granu- 


Fig.  1.  Hematoxylin  and  eosin,  photographed  with  yellow  and  green  filters,  XISO. 
One  large  primary  follicle,  just  prior  to  antrum  formation.  \  theca  interna  has  not  yet 
differentiated. 

Fig.  2.  Sudan  black  B,  photographed  with  a  blue  filter,  X  ISO.  A  large  primary  follicle 
just  prior  to  antrum  formation,  without  a  theca  interna.  Dense  accumulations  of  fatty 
material  occur  normally  in  the  ovum.  No  lipid  is  seen  in  the  granulosa  cells. 

Fig.  3.  Birefringence,  X75.  A  small  vesicular  follicle  showing  intense  birefringence 
in  the  ovum,  and  a  sparse  scattering  of  birefringent  crystals  in  the  cells  of  the  theca 
interna. 

Fig.  4.  Sudan  black  B,  photographed  with  a  blue  filter,  X 1 80,  The  wall  of  a  vesicular 
follicle  of  diestrus,  showing  sudanophilic  lijiids  in  the  ba.sal  layer  of  the  granulo.sa  as 
well  as  in  the  cells  of  the  theca  interna. 

Fig.  5.  Birefringence,  X75.  The  wall  of  a  normal  vesicular  follicle  of  diestrus.  Me¬ 
dium-sized  birefringent  crystals  occur  in  the  theca  interna.  A  few  are  apparent  in  the 
basal  layer  of  the  granulosa. 

Fig.  6.  Sudan  black  B,  photographed  with  a  blue  filter,  X 1 80.  The  wall  of  a  follicle 
undergoing  preovulatory  enlargement  (8  mm.  in  diameter).  Blood  vessels  in  the  theca 
interna  are  seen  to  be  indenting  the  granulosa.  Numerous  sudanophilic  droplets  are 
present  in  the  theca  interna.  The  discrete  layer  of  lipid  in  the  basal  cells  of  the  granulosa 
has  become  dispersed.  The  background  cytojilasmic  sudanojihilia  of  the  granulosa  cells 
has  increased  (cf.  Fig.  4). 

Fig.  7.  Ashbel-Seligman  reaction,  photographed  with  a  red  filter,  XI 80.  The  wall 
of  a  proestrous  follicle  showing  occasional  small  droplets  in  the  theca  interna,  which  react 
with  carbonyl  reagents.  The  prominent  dark-staining  areas  in  the  theca  interna  are 
accumulations  of  red  blood  cells. 

Fig.  8.  Birefringence,  X75.  The  wall  of  an  enlarging  follicle,  showing  numerous  fine 
birefringent  crystals  in  the  theca  interna.  Also  evident  are  some  very  fine  crystals  in 
the  granulosa.  This  picture  of  proestrus  reflects,  an  increase  in  number  but  a  decrease 
in  the  size  of  the  anisotropic  crystals  (cf.  Fig.  5). 
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losa  cells  (Fig.  13).  The  droplets  react  with  carbonyl  reagents  (Fig.  14)  and 
contain  numerous  fine  birefringent  crystals  (Fig.  15).  Those  in  the  theca 
cells  also  fluoresce.  Tluoughout  this  period  the  parenchymal  cells  are  also 
characterized  by  a  diffuse  background  staining  with  .sudan  black  and  the 
carbonyl  reagents.  Unlike  the  droplets,  which  are  entirely  removed  by 
acetone  extraction,  this  stainable  material  is  unaffected  by  the  solvent. 

During  the  period  of  late  diestrus  and  of  proestrus-to-estrus  (15  days  to 
ovulation),  the  corpus  luteum  begins  to  degenerate.  The  structure  becomes 
hyperemic  (Fig.  18);  the  central  cells  in  particular  become  pycnotic;  and 
a  central  scar  makes  its  appearance.  Its  over-all  sudanophilia  increases. 
The  birefringent  crystals  become  larger  but  less  numerous  than  heretofore 
(Fig.  16).  Most  of  the  droplets,  except  those  occupying  the  peripheral 
theca  lutein  cells,  lose  their  reactivity  to  carbonyl  reagents  (Fig.  17). 
The  general  cytoplasmic  reaction  with  sudan  black  and  carbonyl  reagents 
declines.  Many  of  the  droplets  in  the  more  pycnotic  cells  are  unextractable 
with  acetone.  _ 

The  age  of  older  and  more  atrophied  corpora  lutea  has  been  judged 
from  the  histological  information  presented  by  Corner  (1915,  1921). 
Corpora  of  previous  estrous  cycles  continue  to  shrink  and  are  entirely 
unrecognizal)le  after  4  generations.  This  shrinkage  involves  progressive 
pycnosis  of  the  lutein  cells  and  replacement  of  the  parenchymal  tissue  by  a 
connective  tissue  scar.  During  the  second  generation,  the  corpus  becomes 


Fig.  9.  Sudiin  black  R,  iihotographed  with  a  blue  filter,  X9.  A  newly  formed  corpus 
luteum,  showing  the  folded  ajrpearance  of  its  wall  at  this  time.  Centrally,  the  remnant 
of  the  extra vasa ted  blood  persists.  All  of  the  cells  of  the  corjjus  are  sudanophilic.  Below 
the  cori)us  are  several  vesicular  follicles  which  appear  atretic. 

Fig.  10.  Sudan  black  B,  |)hotographed  w’ith  a  blue  filter,  X  ISO.  The  wall  of  a  corpus 
luteum  in  metestrus.  Sudanophilic  droplets  occur  in  both  the  theca  and  granulosa  lutein 
cells.  Most  occur  in  the  theca  cells  at  the  i)eriphery  and  along  tlie  vascular  channels 
and  in  the  granulosa  cells  at  the  border  of  the  central  clot. 

Fig.  11.  A.shbel-Seligman  reaction,  jihotographed  with  a  red  filter,  XI  SO.  Wall  of  a 
^orjius  luteum  in  metestrus,  demonstrating  that  .some  of  the  lipid  droplets  (Fig.  10) 
are  reactive  to  caibonyl  tests. 

Fig.  12.  Hematoxylin  and  eosin,  photographed  with  yellow  and  green  filters,  XI  SO. 
Kdge  of  a  fully  formed  corpus  luteum  of  diestrus  showing  large  granulosa  lutein  cells, 
with  the  smaller  theca  lutein  cells  at  the  periphery  and  along  the  radial  septum.  Large 
sinusoidal  blood  ves.sels  may  be  seen  among  the  theca  cells,  and  smaller  ones  jienetrate 
between  the  strands  of  granulosa  lutein  cells. 

Fig.  1.3.  Sudan  black  B,  jihotographed  with  a  blue  filter,  XISO.  Kdge  of  a  coipus 
luteum  like  that  shown  in  Fig.  12.  Crowded  sudanojihilic  drojilets  occur  in  the  theca 
lutein  cells;  smaller  and  sjiarser  drojilets  characterize  the  granulosa  cells. 

Fig.  14.  Ashbel-Seligman  reaction,  jihotographed  with  a  red  filter,  X180.  The  edge 
of  a  fully  formed  corjius  luteum  at  the  jieak  of  diestrus,  showing  scant,  small,  carbonyl- 
reactive  drojilets  in  the  theca  and  granulosa  lutein  cells. 
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exceedingly  fatty.  The  lipid  occurs  in  the  residual  lutein  cells  and  also 
apparently  in  connective  tissue  cells  (Fig.  19).  Most  of  this  material  is 
unaffected  by  acetone  and  is  birefringent  (Fig.  20),  fluorescent,  and  in¬ 
tensely  reactive  to  carbonyl  tests.  The  quantity  of  lipid  gradually  declines 
and  becomes  progressively  more  insoluble  as  the  structure  ages  (Figs. 
21  and  22). 

Follicular  atresia.  Follicles  are  seen  to  undergo  atresia  at  all  stages  of 
their  development  as  well  as  at  all  periods  of  the  estrous  cycle  (Figs.  28 
to  28).  Some  differences  have  been  observed  between  those  becoming  atretic 
at  the  time  of  ovulation  and  those  during  diestrus.  In  those  which  become 
atretic  during  diestrus,  the  granulosa  cells  l)ecome  fatty  (Figs.  23,  24,  25 
and  27).  This  fat  evinces  no  reaction  other  than  sudanophilia.  The  theca 
interna  cells  sometimes  disintegrate  (Fig.  27),  sometimes  become  abnor¬ 
mally  fatty  (Fig.  25).  In  the  latter  case,  much  of  the  lipid  is  unaffected  by 
acetone  extraction. 

When  atresia  occurs  just  before  or  just  after  ovulation,  the  condition 
more  nearly  resembles  the  picture  in  ovulating  follicles.  The  theca  interna 
indents  the  granulosa  (Fig.  26)  and  its  droplets  become  small  and  their 


Fig.  15.  Birefringence,  X75.  The  wall  of  a  mature  corpus  luteurn  of  die.strus.  Fine 
birefringent  crystals  are  scattered  abundantly  throughout. 

Fig.  16.  Birefringence,  X75.  Corpus  luteurn  of  late  diestrus.  The  birefringent  crystals 
are  larger  than  before.  Some  of  this  material  was  found  to  be  insoluble  in  acetone. 

Fig.  17.  Ashbel-Seligman  reaction,  photographed  with  a  red  filter,  X180.  The  edge 
of  a  corpus  luteurn  in  an  intermediate  stage  of  retrogression  (proestrus).  A  great  accumu¬ 
lation  of  large  reactive  droplets  appears  at  the  periphery,  in  the  theca  lutein  cells.  Few 
droplets  are  found  in  the  granulosa  lutein  cells,  which  at  this  time  are  undergoing  rajjid 
degeneration. 

Fig.  18.  Hematoxylin  and  eosin,  photographed  with  yellow  and  green  filters,  XI 80. 
The  edge  of  a  corpus  luteurn  in  proestrus,  showing  marked  engorgement.  The  lutein 
cells  are  reduced  in  size  (cf.  Fig.  12)  and  appear  pycnotic. 

Fig.  19.  Sudan  black  B,  photographed  with  a  blue  filter,  X9.  A  retrogressing  corjius 
luteurn,  probably  second  generation.  The  entire  structure  is  intensely  sudanopliilic; 
most  of  this  material  was  unaffected  by  acetone  extraction. 

Fig.  20.  Birefringence,  X75.  Edge  of  corpus  luteurn  shown  in  Fig.  19.  The  bire¬ 
fringent  crystals  shown  here  were  largely  unaffected  by  extraction  with  acetone. 

Fig.  21.  Ashbel-Seligman  reaction,  photographed  with  a  red  filter,  XI 80.  The 
center  of  an  old  corpus  luteurn,  probably  third  generation.  The  entire  structure  is  under¬ 
going  degeneration.  Most  of  the  lutein  cells  have  disappeared  and  been  replaced  by 
connective  tissue.  In  the  center  of  the  fibrotic  area,  occasional  cells  contain  large  globules 
of  carbonyl  reactive  material.  This  was  entirely  unaffected  by  acetone. 

Fig.  22.  Birefringence,  X75.  Large  birefringent  crystals  characterizing  the  old  cor¬ 
pus  luteurn,  probably  third  generation.  These  crystals  are  distributed  in  clumps  and 
most  are  unaffected  by  acetone  extraction.  In  later  generations  all  of  the  lipids  disap¬ 
pear. 
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l)irefringent  particles  fine  28).  Small  lipid  droplets  develop  in  all  of 

the  granulosa  cells. 

In  sev’eral  of  the  ovaries  studied,  large  cyf^ti<‘  follicles  occur.  Most  of  these 
(lisplay  greater  than  normal  accumulations  of  “steroidal”  lipid  in  the 
enlarged  theca  interna,  as  well  as  smaller  reactive  droplets  in  the  granulosa 
(Figs.  21)  and  30).  Much  of  the  thecal  material  remains  after  extraction 
with  acetone,  however. 

Interstitial  tissue.  Many  of  the  ovaries  reveal  small  clusters  of  epithelioicl 
cells  in  the  stroma  of  the  cortex  which  resemble  the  interstitial  cells  so 
abundant  in  rodents’  ovaries.  They  present  large  accumulations  of  sudano- 
philic  droplets  (Fig.  27),  most  of  which  are  insoluble  in  acetone.  The  drop- 


Fig.  23.  Sudan  black  H,  photographed  with  a  blue  filter,  XISO.  A  young  follicle, 
prior  to  antrum  formation,  undergoing  atresia.  The  ovum  has  l)egun  to  fragment.  The 
granulosa  cells  contain  sudanophilic  droi)lets.  In  the  upper  righthand  corner  is  a  cluster 
of  irrimordial  follicles  undergoing  atresia. 

Fig.  24.  Sudan  black  B,  idiotographed  with  a  Idue  filter,  X18().  Asmall  vesicular 
follicle  undergoing  atresia.  The  ovum  contains  abnormal  amounts  of  lijiid;  fatty  degener¬ 
ation  of  the  granulosa  is  occurring.  The  sudanophilia  of  the  basal  layer  of  the  granulosa 
and  of  the  theca  interna  is  normal. 

Fig.  2.5.  Sudan  Idack  B,  jihotographed  with  a  blue  filter,  XISO.  Wall  of  a  follicle  of 
diestrus  undergoing  early  atresia.  Large  accumulations  of  sudanophilic  material  appear 
in  the  theca  interna.  The  sudanophilia  of  the  basal  layer  of  the  granulosa  is  not  so  dis¬ 
crete  as  in  Fig.  4,  and  small  fatty  droplets  ajipear  scattered  throughout  the  granulosa. 

Fig.  20.  Hematoxylin  and  eosin,  iihotograjdied  with  yellow  and  green  Hlters,  XO.  A 
large  follicle  of  proestrus  undergoing  incipient  atresia,  showing  invasion  of  tlie  theca 
interna  into  tlie  granulosa  (see  Fig.  28). 

Fig.  27.  Sudan  black  B,  photographed  with  a  blue  filter,  XISO.  F.arly  atresia  of  a 
large  vesicular  follicle  of  diestrus.  The  granulosa  cells  are  undergoing  fatty  degenei  ation. 
The  basal  layer  of  the  granulosa  displays  its  characteristic  sudanojdiilia  (cf.  Figs.  4 
and  25).  The  theca  interna  is  discontinuous  and  contains  only  rare,  large  lipid  (Irojdets. 
Below  the  follicle  lies  a  strand  of  interstitial  tissue,  displaying  massive  accumulations 
of  lipid.  Some  of  the  latter  material  was  acetone-insoluble. 

Fig.  28.  Birefringence,  X75.  Edge  of  an  atretic  follicle  resembling  that  shown  in 
Fig.  20.  The  birefringence  of  the  theca  interna  is  fine,  as  is  tyi)ical  of  rajud  secretion  in 
jiroestrus  and  estrus  (cf.  Fig.  8).  Below,  lies  a  ma.ss  of  interstitial  tissue  with  massive 
accumulations  of  coarse  birefringent  crystals.  Most  of  the  latter  material  was  insoluble 
in  acetone. 

Fig.  29.  Hematoxylin  and  eo.sin,  photographed  with  yellow  and  green  filters,  X180. 
The  wall  of  a  cystic  follicle  showing  hypertrophy  of  the  granulosa  cells  and  of  the  cells 
of  the  theca  interna.  The  theca  interna  and  its  associated  blood  vessels  are  invading  the 
granulosa. 

Fig.  30.  Sudan  black  B,  photogiaphed  with  a  lilue  filter,  X  180.  A  cystic  follicle  similar 
to  that  shown  in  Fig.  29.  Dense  accumulations  of  sudanophilic  material  occur  in  the  theca 
interna.  There  is  only  a  remnant  of  lipid  in  the  basal  layer  of  the  granulosa,  and  small, 
scattered  lipid  droplets  appear  in  all  of  the  enlarged  granulosa  cells. 
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lets  react  with  carbonyl  reagents,  display  birefringent  crystals  (Fig.  28) 
and  emit  a  yellowish  fluorescence. 


DISCUSSION 

The  purpose  of  this  cytochemical  study  of  lipids  in  sows’  ovaries  has 
been  (1)  to  define  the  sites  of  hormone  production,  and  (2)  to  determine  if 
possible  the  periods  of  active  secretion. 

(1)  Cytochemical  study  of  the  organs  of  a  variety  of  mammals  has  led 
to  the  conclusion  that  sudanophilia,  together  with  a  carbonyl  reaction, 
birefringence,  yellowish-green  fluorescence  and  acetone  solubility,  char¬ 
acterizes  the  cytoplasmic  droplets  of  only  the  steroid-producing  glands 
(Dempsey  and  Wislocki,  1946;  Dempsey  1948).  The  simplest  explanation 
for  the  coexistence  of  this  group  of  reactions  within  the  droplets  is  that  they 
contain  ketoseroids,  the  only  class  of  substances  known  to  react  to  the  5 
tests  enumerated.  It  is  assumed,  therefore,  that  these  reactions  indicate 
the  presence  of  the  hormones  and  their  precursors.  Although  any  one  of  the 
tests  may  be  given  by  a  wide  variety  of  substances,  their  combined  occur¬ 
rence  within  the  lipid  droplets  of  the  ovaries  and  other  steroid-producing 
glands  indicates  the  value  of  this  group  of  methods  in  localizing  the  sites 
of  steroid-hormone  production. 

In  the  sow’s  ovary,  droplets  fulfilling  the  criteria  listed  above  are  present 
in  the  theca  interna  of  the  follicles  immediately  prior  to  ovulation  and  in 
the  theca  lutein  cells  for  the  first  15  days  after  ovulation.  In  addition, 
droplets  which  appear  in  the  granulosa  lutein  cells  display  the  group  of 
tests  with  the  exception  that  they  show  no  fluorescence.  It  has  been  ob¬ 
served  before,  in  other  steroid-producing  glands,  that  fluorescence  may 
be  relatively  difficult  to  detect  (van  Dorp  and  Deane,  1950).  It  is  interest¬ 
ing,  as  well,  that  Finkelstein,  Hestrin  and  Koch  (1947)  have  demonstrated 
that  estrogens,  apparently  by  virtue  of  the  high  unsaturation  of  the  A  ring, 
are  the  most  fluorescent  steroid  hormones,  whereas  those  with  less  un¬ 
saturation  of  this  ring  (e.g.  progesterone,  the  corticosteroids)  are  only 
weakly  fluorescent. 

The  sudanophilic  droplets  which  occur  in  the  basal  cells  of  the  granulosa 
of  the  follicles  in  sows’  ovaries  are  occasionally  birefringent  but  show 
neither  a  carbonyl  reaction  nor  fluorescence.  Similar  observations  led 
Dempsey  (1948)  to  postulate  that  these  droplets  contain  simple  trigly¬ 
cerides. 

It  follows  from  the  present  observations  that  sows’  ovaries  resemble  those 
of  rat  (Dempsey  and  Bassett,  1943)  and  man  (MacKay  and  Robinson, 
1947)  in  that  the  steroid  hormones  are  formed  in  the  theca  interna  of  the 
follicle  and  in  both  types  of  lutein  cells.  It  is  impossible,  however,  to  con¬ 
clude  which  of  these  cell  types  is  responsible  for  the  production  respectively 
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of  estrogens  and  progesterone,  since  the  methods  are  not  capable  of  dis¬ 
tinguishing  between  these  several  steroids.  Ovarian  follicles  are  l)elieved 
to  produce  both  types  of  hormone  (Hooker  and  Forbes,  1947),  so  that  a 
likely  site  for  their  production  would  be  the  theca  interna.  The  corpus 
luteum  likewise  contains  both  progesterone  and  estrogens  (I)oisy,  1939). 
The  histological  tests  so  far  developed  are  incapable  of  proving  tlie  hypo¬ 
thesis,  formulated  by  Dubreuil  (1940)  and  accepted  by  MacKay  and 
Robinson,  that  the  theca  lutein  cells  produce  estrogens  and  the  gramdoas 
lutein  cells  progesterone. 

(2)  The  group  of  tests  employed  appears  to  have  value  also  in  determin¬ 
ing  the  phase  of  secretory  activity.  In  the  adrenal  cortex  it  has  been  found 
that  the  cells  are  large  and  their  droplets  small  when  secretion  is  rapid, 
whereas  the  cells  are  small  and  their  droplets  large  when  secretion  is  not 
occurring  (Deane,  Shaw  and  Greep,  1948).  Also,  for  the  adrenal,  the 
birefringent  crystals  are  finest  and  the  carbonyl  reactions  and  fluorescence 
most  intense  during  active  secretion.  The  attempt  has  been  made  to  apply 
those  criteria  to  the  ovary  in  the  present  study. 

In  normal  follicles  during  diestrus,  the  cells  of  the  tlieca  interna  are 
relatively  small  and  their  lipid  droplets  are  of  moderate  size.  During  the 
period  of  the  preovulatory  swelling,  however,  these  cells  hypertrophy; 
their  lipid  droplets  become  smaller  but  more  numerous;  the  birefringent 
crystals  become  finer;  and  carbonyl  reactions  and  fluorescence  emerge. 
It  may  be  assumed,  therefore,  that  secretion  is  far  more  rapid  in  this  peri¬ 
od  than  during  diestrus. 

Similar  signs  of  activity  obtain  in  the  corpora  lutea  during  most  of  dies¬ 
trus,  from  4  to  14  days  after  ovulation,  particularly  in  the  granulosa  lutein 
cells.  Before  this  period  these  cells  are  still  relatively  small  and  their  drop¬ 
lets  quite  large.  After  this  period  of  activity  the  corpora  lutea  appear  to 
decline.  Concomitant  with  a  shrinking  of  the  cells,  the  lipid  droplets  in¬ 
crease  in  size  and  the  birefringent  crystals  become  coarser.  In  addition, 
the  droplets  become  progressively  more  insoluble  in  acetone.  Such  a 
change  in  solubility  has  not  been  observed  in  aging  corpora  of  rats’  ovaries 
(Deane  and  Barker,  in  press)  but  resembles  that  occurring  in  involuting 
corpora  of  monkeys’  ovaries  (Rossman,  1942)  and  in  the  inner  part  of  the 
adrenal  cortex  in  old  or  hypophysectomized  mice  (.Jones,  1950).  From  the 
more  extensive  characterization  by  Jones,  it  seems  possible  that  these 
insoluble  lipid  droplets,  which  are  birefringent,  reactiv^e  to  carbonyl  re¬ 
agents,  and  fluorescent,  may  represent  a  cpndensation  product  of  steroids. 
Rossman  termed  these  substances  “luteolipin.”  Similar  droplets  are  found 
in  the  theca  interna  of  many  atretic  and  cystic  follicles  and  also  in  the 
ovarian  interstitial  tissue. 

The  results  of  chemical  analyses  of  sows’  ovaries  correlate  well  with  the 
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histopliysiological  interpretations  made  above.  For  example,  Kimura  and 
Cromwell  (1988)  found  small  amounts  of  progestin  in  corpora  lutea  for  the 
first  8  days  after  ovulation,  increasing  amounts  until  15  days,  and  none 
thereafter.  From  4  to  14  days,  the  droplets  in  the  corpora  are  smallest. 
Bloor,  Okey  and  Corner  (1980)  found  that  neutral  fats  and  cholesterol 
esters  exist  only  in  small  concentration  in  corpora  lutea  during  progesta¬ 
tional  activity.  Their  percentages  rise  in  degenerating  corpora.  These  rises 
would  appear  to  account  for  the  increa.sed  sudanophilia  and  birefringence  of 
aging  corpora. 

Bloor  and  coworkers  also  described  a  high  content  of  phospholipids  in 
active  corpora  lutea.  It  is  of  interest  that  corpora  during  the  peak  of  diestrus 
evinced  marked  cytoplasmic  staining  with  sudan  black  and  carbonyl 
reagents.  Since  this  staining  could  not  be  prevented  by  acetone  extraction, 
the  cytoplasmic  reactions  are  probably  attributable  to  the  pre.sence  of 
phospholipids.  Cain  and  Harrison  (1950)  have  shown  for  the  adrenal  cor¬ 
tex  that  the  activ’e,  secretory  stage  is  characterized  by  an  abundance  of 
phospholipids  demonstrable  by  Baker’s  acid  hematein  test.  In  general 
body  metabolism,  phospholipids  have  been  as.sociated  with  triglyceride 
turnover  (Sinclair,  1940).  Howev’er,  in  the  steroid-producing  organs,  active 
steroid  metabolism  may  depend  similarly  on  a  high  concentration  of 
phospholipid. 


SUMMARY  AND  CONCLUSIONS 

A  group  of  cytochemical  tests  (.sudanophilia,  reactivity  with  carbonyl 
reagents,  birefringence,  fluorescence,  and  acetone  solubility)  believed  to 
characterize  steroid-.secreting  glands  has  been  applied  to  sows’  ovaries, 
examined  at  all  stages  of  the  estrous  cycle. 

Lipid  droplets  reacting  positively  with  the  entire  group  of  tests  occur 
in  the  cells  of  the  theca  interna  of  the  follicles  and  in  the  theca  lutein  cells. 
Similar  droplets,  lacking  only  in  fluorescence,  occur  in  the  granulosa 
lutein  cells.  For  reasons  given,  it  is  concluded  that  all  of  the.se  cells  repre¬ 
sent  sites  of  production  of  ovarian  steroid  hormones.  The  methods  em¬ 
ployed  do  not  permit  identification  of  the  individual  steroid  hormones. 

The  cells  are  largest,  but  their  droplets  smallest,  in  the  thecal  cells  of 
follicles  just  prior  to  ovulation,  and  in  the  lutein  cells  during  most  of 
diestrus  (4  to  14  days  after  ovulation).  Cells  of  this  type  are  interpreted 
as  being  in  the  active  secretory  phase. 

Lipid  droplets  occurring  in  retrogressing  corpora  lutea,  in  the  theca 
interna  of  atretic  and  cystic  follicles  and  in  the  interstitial  ti.ssue  become 
in.solulde  in  acetone  although  they  continue  to  re.spond  to  all  of  the  other 
tests  employed.  These  droplets  may  possibly  represent  condensation  prod¬ 
ucts  of  steroids. 
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